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ABSTRACT

Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation
technique that has emerged over the past 10-12 years as safe, affordable, portable, easy to use,
and potentially efficacious adjuvant training intervention in several aspects of human
performance. tDCS has been shown to be able to improve both cognitive and motor function in a
wide variety of populations such as young adults, older adults, stroke, Parkinson’s disease, and
many others. However, the majority of tDCS research has been conducted in the motor system of
healthy young adults, which will also be the focus of this dissertation.
The basic effects of tDCS applied to cortical areas of the brain were determined in the
1960s in animal experiments. However, complementary methods to study the effects of tDCS on
human cortical areas were not available at the time. Therefore, the contemporary study of tDCS
in humans did not begin until a little over 20 years ago when methods such as transcranial
magnetic stimulation (TMS) had become available to quantify the effects of tDCS on human
cortical excitability easily and non-invasively. Accordingly, the number of research studies and
interest in tDCS started to increase exponentially about 10-12 years ago when the first studies
involving human motor skill learning enhancement due to tDCS were published. In addition,
initial studies confirmed in humans some of the most basic physiological effects of tDCS that
were previously found in animals.
The primary acute effect of tDCS when applied to cortical areas in humans is a
modulation of neuronal excitability. This effect has been most studied and best characterized
when tDCS is applied to the primary motor cortex (M1). The most basic finding is that the
modulation of M1 excitability depends on the tDCS polarity. For example, electrode montages
that place the anode over M1 (termed anodal tDCS) increases M1 excitability, whereas
iii

placement of the cathode over M1 (termed cathodal tDCS) decreases M1 excitability.
Importantly, the currents applied through application of tDCS are very weak. Therefore, tDCS
does not increase cortical excitability by directly causing action potentials, but rather by inducing
small changes in the transmembrane potential of neurons, which increases or decreases their
average spontaneous firing rates, leading to the overall observed changes in cortical excitability.
In addition, other stimulation parameters influence the modulation of cortical excitability via
tDCS. These parameters are the total dose of the stimulation, which is a combination of
parameters of stimulation duration, intensity (current strength), and density. Furthermore, the
temporal aspects of anodal tDCS have been elucidated and indicate that the excitability can
increase immediately upon initiation of stimulation, can be detectable within 3-5 minutes,
remains elevated during stimulation, and can persist for up to 30-90 minutes after stimulation
ceases.
Overall, the most common findings associated with the application of tDCS to M1 in
humans are that anodal stimulation increases M1 excitability and increases motor performance,
whereas cathodal stimulation decreases M1 excitability and has either no effects or negative
effects on motor performance. Therefore, this dissertation is concerned only with anodal tDCS
and all references hereafter to tDCS refer to anodal tDCS unless otherwise specified. The
practical application of tDCS in research studies involves using a small battery-operated
stimulator to apply tDCS to the scalp through two rubber small electrodes that are enclosed in
saline-soaked sponges to impact a brain area of interest. For example, the most common M1tDCS electrode montage involves placing the anode over M1 and the cathode over the
contralateral supraorbital region (forehead). This is termed an M1-SO tDCS electrode montage
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and delivers anodal tDCS to M1 in an effort to increase motor performance and/or increase M1
excitability as mentioned previously.
M1 is the most important brain region involved in the control of voluntary movement.
Accordingly, the output of M1 projections to motor neurons in the spinal cord plays the
predominant role the generation and execution of skilled movements, especially of the hand and
arm. In addition, M1 is involved in many other aspects of motor control (e.g. motor planning)
that are primarily accomplished by other brain regions, but integrated with the role of M1 in this
process. Finally, M1 is arguably the most important brain region responsible the physiological
adjustments that occur with motor skill acquisition and motor learning, although the cerebellum
in particular also plays a major role. Accordingly, this is one of several major reasons why these
brain areas have been the most targeted by tDCS in the research literature.
There have been many recent advances in the understanding of the influence of tDCS on
motor skill and motor learning in healthy young adults. Many of the basic physiological and
behavior effects of tDCS have been identified and a basic understanding of the range of
stimulation parameters has been identified to elicit positive effects on motor performance.
However, much more research on these and related topics are needed to determine the viability
of tDCS as an adjunct training intervention to increase motor skill in healthy adults. Thus, a few
major interrelated gaps in the literature were addressed in this dissertation. Specifically, the
ability of tDCS applied to different brain areas over multiple days to enhance complex motor
tasks was the primary focus. This was due to observations that the overwhelming majority of
previous tDCS studies have involved relatively simple motor tasks and a single stimulation
session in participants who had usually never in the past performed the somewhat artificial
laboratory tasks used in these studies. Relatedly, the projects within this dissertation were
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designed to address if the findings of previous multi-day tDCS studies that observed
performance increases of 20-40% with multi-day tDCS application could be achieved in complex
motor tasks. This knowledge is essential as most daily living activities as well as workplace,
military, and sports settings entail complex tasks. Thus, tDCS must be able to show efficacy in
improving performance on complex motor tasks to be a viable adjunct training intervention for
various real-world applications.
Therefore, the overall purposes of this dissertation were to examine the influence of tDCS
applied to different brain regions over multiple days on motor learning in complex motor tasks.
These purposes were accomplished through a series of three interrelated studies. In the first study
(Chapter 2), the primary purpose was to examine the influence of M1-tDCS applied over
multiple days on motor learning of a complex overhand throwing task. The secondary purpose
was to examine the association between M1-tDCS induced increases in cortical excitability and
the magnitude of motor learning. The study utilized a double-blind, randomized, betweensubjects, SHAM-controlled, experimental design. Two separate groups of participants completed
three consecutive practice sessions on three consecutive days that involved practice of the
overhand throwing task simultaneous with application of M1-tDCS or SHAM stimulation. The
first hypothesis was that M1-tDCS would improve endpoint accuracy in the complex overhand
throwing task to a greater extent than practice alone (SHAM stimulation). The secondary
hypothesis was that the increase in MEP amplitude following tDCS would be positively
associated with the degree of motor learning exhibited by participants in the tDCS group. The
study produced four main findings. First, endpoint error significantly decreased over the three
days of practice in the tDCS group, but not in the SHAM group. Second, the decreases in
endpoint error were due to both online (within-session) and offline (between-session) effects in
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the tDCS group. Third, MEP amplitude was significantly increased in the tDCS group, but not in
the SHAM group. Fourth, the increases in MEP amplitude in the tDCS group were not positively
associated with the degree of improvements in motor learning. Taken together, the findings
indicated that M1-tDCS applied over three consecutive days can improve motor learning in a
complex motor task in young adults, but these improvements are not associated with tDCS
induced changes in M1 excitability.
In the second study (Chapter 3), the exact same experimental methodology was repeated
as in the first study (Chapter 2), with the exception that cerebellar tDCS (c-tDCS) was applied
instead of M1-tDCS. This was primarily based on studies by other research groups that c-tDCS
could potentially be as effective or almost as effective as M1-tDCS. In Chapter 3, the primary
purpose to determine the influence of c-tDCS applied over multiple days on motor learning in a
complex overhand throwing task. The secondary purpose was to determine if c-tDCS could
enhance M1 excitability and if any of the excitability enhancements would be positively
correlated with the amount of motor learning displayed by the c-tDCS group. The study utilized
a double-blind, randomized, between-subjects, SHAM-controlled, experimental design. Two
separate groups of participants completed three consecutive practice sessions on three
consecutive days that involved practice of the overhand throwing task simultaneous with
application of c-tDCS or SHAM stimulation. The first hypothesis was that c-tDCS application
over multiple days would enhance accuracy in a complex overhand throwing task to a greater
degree than practice alone (SHAM stimulation). The secondary hypothesis was that the increase
in MEP amplitude following c-tDCS would be positively associated with the degree of motor
learning exhibited by participants in the c-tDCS group. The study produced four main findings.
First, overhand throwing accuracy improved over the three days of practice, but the magnitude of
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reduction in endpoint error achieved at the end of practice was not significantly different
between the c-tDCS and SHAM stimulation groups. Second, the relative influences of online and
offline learning to the total motor learning was also similar between the two groups Third, M1
excitability was increased for both the c-tDCS and SHAM groups, but the increases in M1
excitability were similar for the two groups. Fourth, increases in endpoint accuracy were not
associated with increases in MEP amplitude even when comparisons were restricted to
participants in either group that displayed both increases in endpoint accuracy and MEP
amplitude. Therefore, the main findings of the study were contrary to the original two hypotheses
and collectively indicated that three consecutive daily applications of c-tDCS does not improve
motor learning in a very complex motor task to a greater degree than practice alone or
significantly increase M1 excitability.
In the third study (Chapter 4), the overall general research theme was consistent with the
prior two studies and chapters as the influence of tDCS on a complex motor skill was
investigated. However, this study had several differences compared with the first two studies.
Specifically, it was a case series that used a cross-over within-subjects experimental design and
involved elite performers executing a 10-meter rifle shooting task while tDCS was applied to the
DLPFC. Therefore, the purpose of this chapter was to determine the influence of DLPFC-tDCS
applied over multiple days on motor learning in 10-meter air rifle shooting performance in elite
Deaflympic athletes. The Deaflympic athletes are considered competitors with a hearing loss of
no less than 55 dB in their better hearing ear. Due to the difficulty of recruiting elite performers
(athletes) for research studies this study was a case series (4 participants) that utilized a
randomized, double-blind, SHAM-controlled, within-subjects, cross-over design. Participants
complete a set of practice sessions in a DLPFC-tDCS condition and a SHAM condition in a

viii

cross-over design with a week washout period. The hypothesis was that DLPFC-tDCS would
enhance shooting performance more than practice alone (SHAM stimulation). Additionally, it
was hypothesized that shooting performance would progressively improve over the three days of
DLPFC-tDCS application, whereas shooting performance would remain relatively constant over
the three days of SHAM stimulation. The study produced three main findings. First, DLPFCtDCS applied concurrently with practice over three practice sessions did not improve total points
or endpoint error relative to SHAM stimulation. Second, total points and endpoint error were
similar in the DLPFC-tDCS condition and the SHAM condition in the post-test blocks performed
after stimulation on each of the three days. Thus, DLPFC did not elicit any significant aftereffects. Third, shooting performance remained relatively constant across all practice days and
practice blocks in both stimulation conditions and near the highest levels attained by these
athletes in training and competition. Taken together, the findings indicate that DLPFC-tDCS
applied concurrent with practice for three consecutive days does not improve shooting
performance in elite athletes beyond performance ceiling levels reached through extensive
practice using traditional training approaches.
In summary, this dissertation examined the influence of tDCS applied to different brain
regions over multiple days on motor learning in complex motor tasks. The main overall findings
were that M1-tDCS can improve motor learning in a complex motor task when applied over
three consecutive days, whereas c-tDCS and DLPFC do not appear to improve motor learning to
a greater extent than practice alone (SHAM stimulation).
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CHAPTER 1: Transcranial direct current stimulation

1. Introduction

The use of electrical brain stimulation to treat various medical conditions in humans has a
long history. The first reports were from approximately 2000 years ago and used animals as the
sources of the electricity. Specifically, the Roman physician Scribonius Largus referred to the
treatment of headache and gout [1, 2] in his book entitled, "Compositiones Medicamentorum".
Largus described one treatment protocol that involved the placement of a live torpedo fish
directly on the head over to area that was thought to be affected. In another treatment protocol,
the limbs were immersed in a small body of water that contained a number of torpedo fish [2].
The use of various related forms of electrical stimulation was reported intermittently every few
hundred years after these initial accounts. However, the period of time between approximately
1755 and 1900 is now considered to be when the rudimentary foundations was laid for the
modern forms of noninvasive electrical brain stimulation in use today. In 1755, there are reports
that the French physician Charles Le Roy attempted to restore the vision of a blind individual by
weaving wires around the head and delivering a number of electrical shocks [2]. In 1803,
Giovanni Aldini published a book that described the principles elucidated by the Italian scientists
Galvani and Volta on animal electricity and bimetallic electricity. These major advancements
formed the groundwork for the development of the various forms of electrotherapy used in the
remainder of the 19th century [3]. The basic physiological effects of transcranial electric currents
applied to cortical areas of the brain were determined in the 1960s in animal experiments
involving rats and monkeys. In these experiments, the electric currents were not applied directly
to the scalp in a non-invasive manner, but were applied directly to the surface of the cortex after
1

removal of part of the skull. Although these experiments determined some of the most basic
physiological effects of transcranial electric currents, the line of research was not taken much
further in humans as complementary techniques to measure cortical excitability such as TMS
were not available until the late 1980s. Nonetheless, these findings eventually led to exploring
the transcranial application of direct currents in humans, which has taken place over
approximately the last 22 years.
1.2 Overview of tDCS devices and parameters
The practical implementation of tDCS involves applying the electrical field with a small
battery-operated stimulator to the bare scalp through two electrodes (anode, cathode) [4].
Although there are other tDCS devices that employ more electrodes or electrode arrays, the
above device design is by far the most common and will be the only one discussed here. The first
major parameter of tDCS is the electrode montage, which collectively refers to the characteristics
of the rubber electrodes, there spatial relationship to each other, and where each electrode on the
scalp (brain area) or upper part of the body is placed. In other words, the skin contact area, the
size of the electrodes, and the position of the electrodes. The basic form of tDCS involves the use
of two rubber electrodes that are usually either 5 x 5 cm or 5 x 7 cm and placed inside salinesoaked sponges [5]. The anode is the positive electrode and where the current enters the body,
whereas the cathode is the electrode where the negative current exits the body. Thus, the
nomenclature of anodal stimulation or cathodal stimulation in tDCS research specifies whether
the anode or cathode is placed over the target brain area [6]. For instance, if the anode were
placed over M1 and the cathode were placed over the forehead, this would be referred to as
anodal tDCS of M1. The current would be passed between the cathode and anode and the
positive current would generally enter the M1 area under the anode. These two tDCS electrodes
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are kept in place by two separate adjustable, elastic rubber straps that are wound around the head,
similar to a chinstrap and a headband in the most common electrode montages. As alluded to
previously, the most commonly studied and effective tDCS electrode montage involves placing
the anode over M1 and the cathode over the opposite orbit (above the eyebrow) (SO). Therefore,
this montage is referred to as the M1-SO montage. this electrode arrangement usually elicits
increases in M1 excitability on the order of 20-30% and increases in fine motor performance of
the right hand and arm by about 10% with a single 10 – 20 minute tDCS application [7].
The total dose of tDCS applied in a single session depends on the combination of the
electrode montage and all the other parameters of stimulation. In simplistic terms, the total dose
is the combination of stimulation intensity (current strength) and the duration of the stimulation.
Current intensities have ranged from 0.1 mA to 4 mA; however, most studies have used currents
between 1 mA - 2 mA. The duration of stimulation (length of time the current is held steady) in
most studies is 10-20 minutes using these levels of current. In addition, sometimes the current
density is reported depending on the electrode montage used or the purposes of the study. The
average current density at an electrode is simply calculated by dividing the current applied by the
area of the electrode. Note, however, that the actual amount of current reaching neurons in the
brain for an individual person is going to depend on numerous factors such as skull thickness,
neuronal orientation, cerebrospinal fluid levels, amount of hair on the scalp, and other factors.
Another important aspect of tDCS application in clinical trials and for research purposes
is the blinding conditions and protocols for SHAM stimulation. Fortunately, SHAM stimulation
is much easier and more effective to accomplish with tDCS compared with every other noninvasive stimulation method (e.g. repetitive TMS). The most common and accepted SHAM
protocol involves ramping the stimulation up over a 30-second period, holding the current level
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at 1-2 mA for a 1-minute steady stimulation period, and then ramping the current back down to
zero over another 30-second period. Another similar protocol is to have 10 as opposed to 30
second current ramps. These protocols have been proven effective and been successfully
implemented in hundreds of studies as they elicit the same itching, tingling, and light burning
sensations during real tDCS application [8]. Specifically, the participants feel these same sensory
sensations on the skin for about a minute after the onset of stimulation before they cease,
regardless of whether the continuous stimulation period is only 1 minute as in SHAM stimulation
or whether the stimulation period lasts 10-20 minutes. However, 1 minute of stimulation does not
elicit physiological effects that last more than a few seconds. tDCS has also been shown to be
free of side significant side-effects both during longer applications and in SHAM conditions.
One minor side-effect or feature, although rarely reported, that can lead to ineffective blinding is
the occurrence of tDCS induced vasodilation, which can cause skin erythema [9]. Finally,
general small side-effects involve a mild, itching, tingling, or burning sensation under one or two
electrodes that is not painful and usually goes away with a few minutes. These effects occur in
both SHAM stimulation and longer stimulation with real tDCS, but have never led to any major
side effect.

2. Basic physiological effects of tDCS applied to M1

The basic physiological effects of transcranial electric currents applied to cortical areas of
the brain were determined in the 1960s in animal experiments involving rats and monkeys as
briefly mentioned above. The main set of findings that emerged from this animal research were
as follows: 1) weak direct currents applied the exposed cortex could modulate the excitability of
populations of neurons in a manner that was polarity specific. In other words, the induction of
4

net excitation or inhibition depends on the polarity (anodal or cathodal) of stimulation [2]; 2)
anodal stimulation increased cortical excitability of a targeted brain region, whereas cathodal
stimulation decreases cortical excitability of the region; 3) excitability modulations were
accomplished by changing the normal spontaneous neuronal discharge rates of populations of
neurons [13] and not by the direct induction of action potentials like in TMS; and 4) if the
stimulation was given for longer than 5 minutes, relatively long lasting after-effects were present
and in the same direction of the polarizing current [10].
Human studies involving transcranial magnetic stimulation to non-invasively measure the
changes in cortical excitability first started to be published in 2020. In an initial study [11],
anodal M1-tDCS was given at a current strength of 1 mA, but for different stimulation durations.
TMS measures of excitability (MEP amplitudes) were then evoked post-tDCS over various time
intervals. M1-tDCS delivered for 5 minutes increase M1 excitability, but only for a few minutes
after stimulation ended. However, M1- tDCS given for 13 minutes could significantly increase
M1 excitability by about 30% and excitability remained elevated for almost 90 minutes after
stimulation ceased [12].
Once the basic acute effects of a single 10 - 20 minute M1-tDCS session on cortical
excitability were determined, research focused on the effects of repeated stimulation. This could
involve tDCS being applied more than once per day, several consecutive days, or every other day
with concurrent measures of M1 excitability obtained with TMS. In addition, researchers wanted
to determine if repeated stimulation over these time periods could lead to either greater or more
sustained enhancements in cortical excitability, and ultimately greater improvements in motor
learning over several days. In an initial study, different time intervals were given between tDCS
sessions while cortical excitability was quantified [13]. In six different experimental conditions,
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cathodal tDCS was applied in 9-minute segments as follows (middle number indicates the rest
interval between tDCS segments): single stimulation (9-0-0); (9-0-9); (9-3-9); (9-20-9); (9-3h-9);
(9-24h-9). Cortical excitability (MEPs) were measured before, immediately post-tDCS, 120
minutes post-tDCS, and until the same evening post-tDCS. Finally, cortical excitability was even
assessed the next morning, next afternoon, and next evening. The main findings were that longer
stimulation times without a break (9-0-9) caused the inhibitory effects of cathodal stimulation to
increase from 60 minutes to 90 minutes after stimulation ceased. Furthermore, when a second
stimulation period was given during this same 60-90 minute time window after the first
stimulation (9-3-9, 9-20-9), the cortical inhibition was increased to 120 minutes after the
stimulation ended. However, the time windows greater than 120 minutes between stimulation did
not lead to further enhancements in the time course of cortical inhibition. Based on previous
research on the topic, the authors attributed the findings to the influence of tDCS on NMDA
receptor function.
Another research group [14] followed up these findings by investigating the influence of
repeated sessions of anodal M1-tDCS on cortical excitability (MEPs and resting motor threshold)
and motor performance. The design was similar to the previous study. M1-tDCS was applied for
10-minute segments with variable rest intervals in 5 different experimental conditions. These
conditions were implemented as follows (middle number indicates the rest interval between
tDCS segments); 10-5-10; 10-25-10; 10-5-10-5-10; 10-25-10-25-10. Motor performance was
evaluated with the Purdue Pegboard Test before and after stimulation. There were several major
findings: 1) a single 10-minute segment of tDCS increased excitability by 57% compared to
baseline; 2) a second tDCS segment with a rest interval of 25 minutes further enhanced cortical
excitability, but a 5-minute interval between segments had no significant effects; 3) three tDCS
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segments with 25 min rest interval resulted in an increase in cortical excitability of 182%
compared to baseline and the increases in cortical excitability lasted for two hours; 4) cortical
excitability remained significant for up to twenty-four hours for the two conditions that involved
three segments of tDCS; and 5) Purdue pegboard performance was enhanced for the
experimental condition that involved three tDCS segments with 25 minutes of rest between
segments.
Another study further investigated the influence of repeated sessions of M1-tDCS while
simultaneously looking at different stimulation intensities. This study used a stimulation intensity
of 3 mA, which is much higher than the 1-2 mA range of almost every other tDCS study in the
literature [15]. In the single session aspects of the study, tDCS of 1.5 mA for 15 minutes was
compared to tDCS of 3 mA for 15 minutes and to SHAM stimulation. In the repeated session
aspects of the study, tDCS at 1.5 mA for 15 minutes was compared to tDCS 3 mA for 15 minutes
at two different time intervals (20 minutes and 3 hours) between a second identical stimulation
session in each case. Cortical excitability was assessed in all conditions at baseline, immediately
after tDCS in 5 min intervals until 30 min, and then every 30 min until 2 hours had elapsed after
stimulation ceased. Finally, cortical excitability was measured the same evening, the next
morning, the next noon, and the next evening after the final stimulation session. There were
several main findings: 1) tDCS applied at both 1.5 and 3 mA enhanced cortical excitability for
30 minutes after the single stimulation sessions compared to SHAM, but not at any later points in
time; 2) the 3 mA condition exhibiting slightly greater cortical excitability over this 30 minute
time period compared to the 1.5 mA condition; 3) repeated tDCS applications at both 1.5 and 3
mA with a 20 minute interval between the stimulation sessions increased cortical excitability for
120 minutes after stimulation, but these effects did not last into the evening or into the
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subsequent day; and 4) repeated tDCS applications at both 1.5 with a 3 hour interval between the
stimulation sessions increased cortical excitability for 120 minutes after stimulation and these
effects persisted as cortical excitability remained significantly increased into the evening and
throughout the subsequent day to the next evening, but the 3 mA stimulation intensity did not
increase cortical excitability over these same time intervals. Thus, repeated stimulation on the
same day can enhance cortical excitability for longer time frames than one stimulation session
per day if the stimulation intensity is in the midrange of those used in most studies (1.5 mA).
Overall, these results could have implications for using multiple tDCS sessions to enhance motor
performance over multiple days to a greater extent than one stimulation session alone. However,
not all studies have shown that cortical excitability increases are directly associated with motor
performance increases. To date, no long-term studies have examined both cortical excitability
changes and motor performance changes in the same study.
Once the basics of the overall modulations of cortical excitability by tDCS were
determined in regard to polarity, magnitude, timing and duration effects within a single session
or multiple sessions, further studies were conducted to determine the underlying physiological
mechanisms of these effects. The concurrent use of the same tDCS protocols with
pharmacological agents was one major avenue of research. For example, one study combined
M1-tDCS with the Na+ channel‐blocking drug carbamazepine and the N‐methyl‐D‐aspartate
(NMDA)‐receptor antagonist dextromethorphan [16]. Similar to previous studies, the use of
anodal M1-tDCS alone increased cortical excitability by 40%, whereas cathodal tDCS decreased
cortical excitability by 60%. However, dextromethorphan suppressed the effects of both anodal
and cathodal tDCS in separate experimental conditions. Taken together, these results indicated
that NMDA receptors must be involved in mediating the effects of tDCS on cortical excitability.
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In two other experimental conditions, carbamazepine administration eliminated only the anodal
M1-tDCS effects by blocking ion channels, whereas calcium channel blockade by flunarizine
decreased the excitability changes induced by anodal M1-tDCS.
M1 arguably the most important brain region involved in the control of voluntary
movement and the output of M1 spinal motor neurons plays the predominant role the generation
and execution of skilled movements of the hand and arm. In addition, M1 is involved in many
other aspects of motor control that are primarily accomplished by other brain regions, but
integrated with the role of M1 in the production of movement. M1 is also the most important
brain region responsible the physiological adjustments that occur with motor skill acquisition and
motor learning [17]. For example, classic TMS mapping studies of M1 found that following
motor skill learning that not only were there increases in synaptic efficacy of M1 neurons, but
also changes in motor map organization that led to increases in the size of the brain
representation areas of the muscles involved in practice of the motor tasks investigated [18].
Collectively, all of these physiological adjustments reflect different aspects of increases in
cortical excitability. Subsequently, the initial studies involving the effects of M1-tDCS on
cortical excitability were performed and demonstrated large (20-60%) increases in cortical
excitability in hand muscles, even though almost all of these studies were conducted on muscles
at rest. Therefore, it was suggested and assumed that tDCS could further enhance the cortical
excitability increases observed following the practice of fine motor skills in normal
circumstances. These views were further supported by a basic physiological study which found
that tDCS led to increased synaptic plasticity through increases in the secretion of brain-derived
neurotrophic factor (BDNF) secretion [19]. In addition, further studies found that tDCS
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modulated levels of neurotransmitters and the function of their associated receptor systems,
which could have further implications for the influence of tDCS on motor skill learning.
2.1 M1-tDCS and acute motor skill acquisition
After initial tDCS studies confirmed some of the basic physiological effects of tDCS in
humans related to modulation of cortical excitability, studies started to be performed that
investigated the influence of tDCS on typical motor tasks used in basic neurophysiology and
motor control studies. Most of these studies used the tDCS parameters that had been shown to be
most effective in enhancing M1 excitability in the previous physiological studies. In general, this
involved the M1-SO electrode montage with the anode placed over the left (dominant) M1 and
the investigation of performance of the contralateral right (dominant) hand and arm system. The
duration of stimulation was usually 10-20 minutes with current strengths of 1-2 mA. In one of
the first studies on tDCS and motor skill acquisition, the effects of tDCS of M1, PMC (premotor
cortex), and prefrontal cortex (PFC) on implicit learning during a serial reaction time task
(SRTT) was investigated in healthy adults [20]. The SRTT is a classic simple motor task used in
neurophysiology research and the performance of participants in the task has been well-described
for many years. In the SRTT, a visual cue appears on a computer monitor and subjects are
required to react as quickly as possible to the cue by producing a set sequence of finger presses
with the index, middle, ring, and little finger on instrumented buttons if a small square device
[21]. The results revealed that tDCS over M1, but not the PMC or the PFC improved
performance in the SRTT. Subsequently, a study by a different research group [22] confirmed
these findings and found that tDCS of M1 applied concurrently with practice improved
performance in the SRTT to a greater extent than practice alone. In another more comprehensive
study, the effects of M1-tDCS were examined on both online (during stimulation) and offline
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motor learning (35 minutes after stimulation) in the SRTT [23]. In contrast to the previous
studies, the tDCS group did not display a smaller number of motor errors in the SRTT in the
online condition, but exhibited fewer motor errors in the offline condition compared to SHAM
stimulation. Therefore, this was one of the first studies to demonstrate that tDCS could impact
short-term consolidation processes involved in motor learning the occur between practice or test
sessions. Finally, the effects of the timing of M1-tDCS relative to motor practice were examined
in another study involving the SRTT task.
Although the initial tDCS motor skill studies mentioned above were promising, the SRTT
has several characteristics that greatly limit its applicability to many other motor tasks. First,
only hand muscles are used in the SRTT, which is important because hand muscles have greater
cortical representation areas compared to more proximal upper arm muscles and especially leg
muscles. Thus, hand muscles are easier to target with tDCS due to the cortical representation
areas of leg muscles being located deep within the fissure between the two hemispheres. In
addition, the SRTT task mainly involves a reaction time component and the learning a sequence
of finger presses. Thus, the fingers simply have to press straight down and there is no strict
accuracy requirement as in many other motor tasks. In addition, many fine motor tasks involve
modulation of the rate of force development and relaxation in much more difficult manners
compared with the SRTT. To address these and other issues, an early study [24] examined the
influence of M1-tDCS on a visuomotor tracking task involving dorsiflexion force production at
the ankle joint. Specifically, participants were required to accurately match a target force
template of a sine wave on a computer screen while M1-tDCS was applied during performance
of the task. In addition, the cortical excitability of the dorsiflexors was quantified with TMS
before and after simulation and practice session. The results indicated that M1-tDCS M1
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improved motor skill in the sine wave task and increased cortical excitability. Nonetheless, the
increases in cortical excitability were not associated with the increases in motor performance in
the task. This study was important because it was one of the first to extend the findings from
studies involving the hand to the lower limb. In addition, it was one of the first studies to find
that enhancements in cortical excitability were likely were not directly responsible for the
performance improvements implied in previous studies.
2.1 M1-tDCS and long-term motor learning
Motor skill acquisition refers to a temporary change in motor performance that is
observed during a practice session, immediately after a practice session has ceased, or within
several hours of the end of practice. In contrast, Motor learning is defined as a relatively
permanent change in motor performance measured in a retention test a timepoint (usually a
minimum of 24 h) after the end of a practice session. Furthermore, the physiological adjustments
mediating these processes over these time periods are different share some overlap, but also
many differences. Therefore, the influence of tDCS on motor learning could also share
similarities and differences with acute tDCS studies involving motor skill acquisition.
Furthermore, the magnitude of the effects of repeated tDCS application over the time periods
involved in most motor learning process could be hypothesized to be much greater compared to a
single one-time tDCS application.
The number of multiple-day tDCS studies that have been performed to date are likely to
be about 10 times less than the number of acute single session tDCS studies. One obvious reason
for this is the much greater expenditures of research time, energy, and money that would need to
occur with long-term studies. The first multiple-day tDCS study to quantify long-term motor
learning used a sequential visual isometric pinch grip task (SVIPT). In this task, the subject was
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required to perform a pinch grip using the insides of the index finger and thumb to modulate
force to various targets. The SVIPT was practiced concurrently with M1-tDCS for 20 minutes a
day over 5 consecutive days [25]. The findings indicated that tDCS significantly improved motor
skill acquisition by about 30-40% compared to SHAM by the end of the 5 days of practice,
which is a substantial difference between practice alone over such a short time period.
Furthermore, motor skill remained higher in the tDCS group over post-tests performed or up to
three months after the 5 days of practice had ended. Although the tDCS group had the same
motor skill decline rate as SHAM during the follow-up time period, since the tDCS group had a
higher performance at the end of the practice period, their skill remained superior after the they
months as they were declining at the same rate from a higher level. A final major finding of this
study was that the positive effects of tDCS were mainly due to differences in offline effects
compared with the SHAM group.
Subsequently, studies were conducted to determine if M1-tDCS differentially influenced
performance during force modulation tasks such as the SVIPT task [26] and sequence learning
tasks such as the SRTT. In one study, task-specific tDCS adaptations were investigated during
three different stages of motor learning: 1) online effects due to practice; 2) (b) offline effects
due to consolidation, and 3) long-term retention [35]. M1-tDCS was applied to M1 during
practice of the SVIPT and SRTT over three consecutive days. Interestingly, the results indicated
that M1-tDCS enhanced performance on the SVIPT and SRTT, but the enhancements in
performance were realized in different manners. M1-tDCS significantly improved online
performance in the SRTT, but with the improvement mainly the result of a decrease in the
reaction time aspect of the task as opposed to the finger sequence aspect. Nonetheless, the results
were consistent with similar research by a different research group [20, 22, 27]. In contrast, M1-
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tDCS improved performance in the SVIPT in long-term retention aspect of the study, which was
similar to the aforementioned original study on the topic [25]. Taken together, these findings
strongly imply that the degree of M1 involvement in motor memory formation during different
motor tasks could determine the degree to which the effects of tDCS influence different stages of
motor learning.
A follow-up study further investigated the time course of motor learning induced by M1tDCS [28]. M1-tDCS was applied during the SVIPT over three consecutive days and compared
to SHAM stimulation. As expected, the tDCS group showed significantly greater overall motor
learning improvement compared with SHAM at the end of the three days of practice. Once
again, most of these effects were due to the cumulative effects on motor learning exerted by M1tDCS through effects on consolidation that must have occurred in the 24 hours between the
practice sessions. In other words, the tDCS group exhibited greater performance at the beginning
of practice on days 2-3 due to a greater consolidation between practice sessions. In another threeday study, M1-tDCS was once again applied to the dominant M1 during the SVIPT. However, in
this case, the performance of both the right (dominant, stimulated hand) and the left (nondominant, non-stimulated hand) were accessed [29]. Similar to previous studies, tDCS applied to
the dominant M1-right hand system-induced greater motor learning effects at the end of the three
days compared with SHAM stimulation. Most importantly, there was also a greater effect on
motor skill learning in the left hand in the tDCS group. Thus, the novel finding of this study was
that tDCS applied to the dominant M1 could improve performance not only in the dominant
hand, but also in the non-dominant hand. This could have been due to the fact that the dominant
M1 is primarily responsible for the motor planning of movements performed for both the left and
right hands.
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2.2 c-tDCS and acute motor skill acquisition
The cerebellum is almost certainly the brain area that plays the largest role in motor
learning processes other than M1. In addition, the bidirectional connections between the two
areas along with the known interactions between them further underscores the major role of the
cerebellum in various aspects of human movement. Accordingly, the contributions of the
cerebellum to distinct motor control processes and motor learning provided strong rationale for
the investigation of c-tDCS to improve motor skill in initial studies. For example, the cerebellum
is involved in the control movements guided by visual feedback, multi-joint movements that are
characterized by the need for joint interaction torque regulation, the timing of agonist and
antagonist muscle activation patterns, and error detection of movements to targets [30]. Most
importantly, the cerebellum also plays the major role in specific type of motor learning referred
to as motor adaptation learning. This type of motor learning essentially involves situations where
a previously well-learned motor skill has to be significantly modified to adapt it to a new
environment [27]. The cerebellum has also been implicated in procedural learning, which refers
to automatic, non-conscious processes involved in carrying out stereotyped movements [31].
Finally, the cerebellum is also involved to in the and consolidation of learned movements [32].
Based on the above observations, it is not surprising that numerous studies have shown
that the cerebellum participates in both short-term and long-term motor skill learning, with its
relative contribution depending on the details of the motor task and the experimental conditions
[33]. In addition to the general roles of the cerebellum to short-term motor skill acquisition
referred to above. The cerebellum also plays a few more nuanced roles specific to short-term
skill acquisition. For example, the cerebellum plays an important role in the early learning phase
when performance enhancements usually occur at a high rate before leveling off [34]. This initial
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high rate of skill acquisition is usually attributed to primarily cognitive processes [35] related to
optimizing the overall strategy used to perform the movement. Accordingly, many of these
cognitive aspects of motor skill acquisition are mediated through closed-loop circuits between
the cerebellum and the prefrontal cortex [36].
When compared to M1-ctDCS fewer acute motor skill studies have employed c-tDCS
and a large portion that have also included a M1-tDCS condition or group as a comparison in
addition to the obligatory SHAM condition or group. However, the number of c-tDCS motor
skill studies has been increasing rapidly in recent years with the number of c-tDCS studies now
exceeding any other brain area with the exception of M1. In one of the earliest studies, Shah et
al. (2013) [37] compared the polarity specific effects of c-tDCS and M1-tDCS on cortical
excitability and motor learning in movements of the ankle joint. Anodal, cathodal, and sham ctDCS and M1-tDCS were each applied during a visuomotor tracking task each in a separate
single experimental session. This task consisted of dorsiflexion and plantar flexion movements
of the ankle of the non-dominant leg where subjects were required to match a sinusoidal wave on
computer screen. The findings were somewhat surprising in that both anodal and cathodal ctDCS had comparable positive effects as anodal tDCS of M1 as all three interventions resulted in
statistically significant improvements in motor skill compared to SHAM. In another study by a
different research group, c-tDCS was also compared to M1-tDCS [38]. This study was one of the
few c-tDCS studies that has used the SRTT task, which makes it especially comparable to other
tDCS studies. The study demonstrated differential results between the two types of tDCS. ctDCS improved the finger sequence aspect of the SRTT, whereas M1-tDCS reduced the reaction
time component of the SRTT.
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Celnik and colleagues performed a series of single session c-tDCS studies which formed
the foundation for most of the future work on the topic. This was not only because of the number
of studies published, but also that all of the studies used the exact same parameters of
stimulation. This is important because one reason why many tDCS studies in general are difficult
to compare to each other and across research groups is extensive differences in parameters of
stimulation. In this series of studies. Celnik and colleagues employed the following c-tDCS
parameters: anode 3 cm lateral to the inion on dominant cerebellar hemisphere, cathode over the
ipsilateral buccinator muscle, electrode sizes of 5 x 5 cm, and stimulation durations of 25
minutes, and current strengths of 2 mA. Finally, all the studies involved adaptation learning,
though both arm movement tasks and walking tasks were used as the model movement tasks.
The first study [39] performed by the research group did not investigate motor skill
learning, but was valuable as it quantified the influence of c-tDCS on cerebellar connections to
M1 using standard TMS techniques for those measurements. The main findings were that anodal
and cathodal c-tDCS could modulate cerebellar excitability and, therefore the levels of inhibition
and excitation in the major pathway from the cerebellum to M1. The next study focused on
adaptive motor learning of a visuomotor adaptation task involving arm reaching [40].
Participants were given c-tDCS, M1-tDCS, or SHAM stimulation simultaneous with performing
the visuomotor adaptation paradigm. c-tDCS led to faster reduction in movement errors
following the visuomotor transformation compared to M1-tDCS in the adaptation phase of the
experiment. Furthermore, M1-tDCS did not improve performance compared to SHAM during
the adaptation phase, but did increase offline learning of the retention visuomotor transformation
as measured in a retention test. The findings suggest that c-tDCS may be more effective at
improving online learning, at least in adaptation tasks, whereas M1-tDCS may be better at
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eliciting between-session consolidation processes. The next study by the research group involved
an adaptation learning paradigm, but this time a split-belt treadmill walking task was used. This
study compared anodal and cathodal tDCS on the rate of adaptation to a perturbation induced by
the split-belt treadmill during gait. Similar to previous results, anodal c-tDCS increased the rate
of adaptation during practice compared to SHAM. In contrast, cathodal c-tDCS slowed down the
rate of adaptation relative to SHAM. Neither type of stimulation influenced the rate of deadaptation when the perturbation was removed and participants were required to readapt back to
the original locomotor pattern.
In the final single-session study by the above research group, a different research
question was address compared to their previous studies. Similar to previous studies, however,
Block and Celnik [41] investigated the influence of both c-tDCS and M1-tDCS on acute
visuomotor adaptation learning in an arm movement task. The main experiments were performed
on the right arm, but this study was unique in that it also evaluated inter-manual learning transfer
to the left arm. Thus, participants received anodal or SHAM c-tDCS and M1-tDCS of the trained
or untrained hemisphere of the cerebellum. The main findings were that c-tDCS of the right
cerebellar hemisphere (which influences right hand movements) enhanced the performance of
the right arm. Thus, this finding was similar to most previous research on the topic. However, ctDCS (and M1-tDCS) did not enhance performance (interlimb transfer) of the hand associated
with the unstimulated hemisphere in any of the combinations of experimental conditions

2.2 c-tDCS and long-term motor learning
There have only been two long-term c-tDCS studies performed in young adults that have
focused on motor learning. In the first study, Cantarero et al. (2015) [42] investigated the
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influence anodal c-tDCS, cathodal c-tDCS, and SHAM stimulation on motor skill acquisition
and motor learning in the same SVIPT that was used in M1-tDCS multi-day studies in a
between-subjects experimental design. The SVIPT was practiced for three consecutive days
concurrent with stimulation for all three of the separate groups of participants. In addition, the
relative contributions of online and offline learning effects to total motor learning were
calculated in the same manner as in previous multi-day M1-tDCS studies. The findings
demonstrated that anodal c-tDCS improved total motor learning to a far greater extent compared
to both cathodal and SHAM stimulation. In contrast to the results of M1-tDCS multi-day studies,
the positive effects of anodal c-tDCS were realized primarily through improved online effects as
opposed to offline effects. In the second study, Kumari et al. (2020) [43] also applied anodal ctDCS over 3 consecutive days, but during an adaptation learning task involving walking on a
split-belt treadmill. The results were unexpected as c-tDCS actually decreased the rate of
adaptation to the split-belt treadmill protocol compared to SHAM stimulation.
2.3 DLPFC-tDCS and acute motor skill acquisition
The DLPFC is a brain area that is responsible for many different functions with most of
them being cognitive related. However, the DLPFC also makes important contributions to the
planning and execution of movements. These contributions are mainly mediated through
connections between the left DLPFC to the premotor cortex, supplemental motor area (SMA),
the basal ganglia, and the cerebellum [44]. Since these areas are involved in motor planning to
some extent, this is one of several reasons why the DLPFC is thought to mainly contribute to
movement generation through motor planning mechanisms. In addition, the DLPFC has not been
shown to have direct connections to M1 [44]. This implies that its influence on motor planning
and execution processes in M1 are exerted indirectly through the aforementioned brain areas,
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which all have connections to M1. Taken together, the motor related functions and connections
of DLPFC also make it a viable target for tDCS.
M1 and cerebellum have been the most common brain areas targeted with tDCS by a
large margin. However, DLPFC has probably been the third most studied brain region in the
tDCS and motor skill literature to date. These combined findings of several different single
session DLPFC-tDCS studies that have all targeted left DLPFC with anodal tDCS in fine motor
tasks have confirmed that DLPFC is a viable candidate for tDCS. For instance, Grospretre et al.
(2021) [45] found that left DLPFC-tDCS increased motor performance in a pointing task
conducted with the right hand and arm. Similarly, Hsu et al. (2015) [46] reported improved
multi-tasking performance in a 3-D video game involving visuomotor tracking following
DLPFC-tDCS. In another study, Jin et al. (2019) [47] reported that DLPFC-tDCS enhanced force
accuracy in a bimanual isometric force production task. DLPFC-tDCS has also been shown to
enhance performance in gross motor tasks that have much less of an accuracy component [4850]. These studies were mainly concerned with various aspects of muscle fatigue resistance as
measured either by the time to task failure or the number of repetitions performed and
collectively found that left DLPFC-tDCS decreased fatiguability in a lower body cycle ergometer
task, bicep curls, and the bench press exercise.
DLPFC-tDCS has also been done in several studies that either did not involve anodal
tDCS or targeted the right DLPFC, or both. For example, a single application of cathodal tDCS
of the left DLPFC improved golf putting performance in novice golfers [51]. Specifically,
cathodal DLPFC-tDCS lead to better putting performance compared with SHAM during both the
motor skill acquisition and retention phases of the study. This study also represents one of the
few tDCS studies published in general that has involved a whole-body motor task with endpoint
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accuracy requirements. Similarly, a one-time application of anodal tDCS applied to the right
DLPFC increased pistol shooting performance in unskilled shooters [52]. In another piston
shooting study, a novel electrode montage was used where the anode was placed over the right
cerebellum and the cathode over the left DLPFC. The results indicated that this montage
improved shooting accuracy in club level shooters compared to SHAM stimulation. In another
study [50], the effects anodal and cathodal tDCS of the right DLPFC on the computer-based
stop-signal task was investigated. Interestingly, both anodal and cathodal stimulation improved
response inhibition compared to SHAM stimulation. In summary, the majority of DLPFC-tDCS
single session studies that have been performed to date have shown improved motor skill
acquisition in simple motor tasks [47, 52].
2.3 DLPFC-tDCS and long-term motor learning
There has only been one long-term DLPFC-tDCS performed involving motor learning.
Vancleef et al. (2016) [53] reported that anodal left DLPFC-tDCS applied for four consecutive
days failed to improve performance in a complex, bimanual visuomotor tracking task either
during acquisition or in a retention test at the end of the four days. Interestingly, this study also
included a M1 group, but the pattern of negative findings was the same in the M1-tDCS group as
in the DLPFC-tDCS group. This was even though the task was novel to the participants prior to
the study. The authors attributed negative findings of the study to the complexity of the task and
to ceiling effects. In conclusion, the findings of this singular multi-day DLPFC-tDCS studies are
in contrast to the single session DLPFC-tDCS studies implies that more research needs to be
conducted on long-term DLPFC-tDCS and motor learning.
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3. Summary

The previous chapter provided a background of the history, physiology, and effects on
motor performance of tDCS. One major theme of the chapter was that the ability of tDCS to
positively influence motor performance depends on a range of factors. Accordingly, differences
in study design, stimulation parameters, participant selection, and the presence of concurrent
physiological measures make it challenging to establish appropriate methodological rigor. In
addition, the number of stimulation sessions, the brain area targeted, and especially the details of
the motor task (simple vs complex), represent significant gaps in the literature. Therefore, the
overall purpose of this dissertation was to determine the influence applied over multiple days to
different brain areas on motor learning in complex motor tasks.
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Significance of the Chapter
Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation
technique shown in numerous studies to acutely improve motor skill by 10-15% after a single
application. However, the positive effects are increased substantially when tDCS is applied for
multiple days. The vast majority of these studies have involved applying tDCS to M1, although
the cerebellum, DLPFC, and other brain areas have also been successfully targeted. However,
almost all single and multiple day M1-tDCS studies have investigated relatively simple motor
tasks of the hand and arm and none have investigated complex motor tasks over multiple days of
tDCS application. This is important because most real-world motor tasks and daily living
activities involve complex movements. Therefore, the primary purpose of this chapter was to
determine the influence of long-term tDCS application on motor learning in a complex overhand
throwing task in young adults. The secondary purpose was to assess the relationship between
tDCS induced increases in cortical excitability and increases in motor learning. A double-blind,
SHAM-controlled, within-participants, counterbalanced design was utilized to accomplish these
purposes. Participants were randomly allocatedI to either a M1-tDCS or a SHAM group and
completed 3 practice sessions of overhand throws on consecutive days simultaneously with
either M1-tDCS or SHAM stimulation. Additionally, MEPs were evoked using TMS to measure
cortical excitability in response to tDCS. The first hypothesis was that M1-tDCS would improve
endpoint accuracy in the complex overhand throwing task to a greater extent than practice alone
(SHAM stimulation). The secondary hypothesis was that the increase in MEP amplitude
following tDCS would be positively associated with the degree of motor learning participants in
the tDCS group.
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Abstract

Transcranial direct current stimulation (tDCS) applied to the primary motor cortex (M1)
improves motor learning in relatively simple motor tasks performed with the hand and arm.
However, it is unknown if tDCS can improve motor learning in complex motor tasks involving
whole-body coordination with significant endpoint accuracy requirements. The primary purpose
was to determine the influence of tDCS on motor learning over multiple days in a complex
overhand throwing task. The study utilized a double-blind, randomized, SHAM-controlled,
between-subjects, experimental design. Forty-six young adults were allocated to either a tDCS
group or a SHAM group and completed 3 experimental sessions on 3 consecutive days at the
same time of day. Each experimental session was identical and consisting of overhand throwing
trials to a target in a pre-test block, 5 practice blocks performed simultaneously with 20 minutes
of tDCS, and a post-test block. Overhand throwing performance was quantified as the endpoint
error. Transcranial magnetic stimulation was used to obtain motor evoked potentials (MEPs)
from the first dorsal interosseus muscle to quantify changes in M1 excitability due to tDCS.
Endpoint error significantly decreased over the 3 days of practice in the tDCS group, but not in
the SHAM group. MEP amplitude significantly increased in the tDCS group, but the MEP
increases were not associated with increases in motor learning. These findings indicate that tDCS
applied over multiple days can improve motor learning in a complex motor task in healthy young
adults.
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1. Introduction

Transcranial direct current stimulation (tDCS) applied to the primary motor cortex (M1)
has been shown in numerous studies to improve motor skill acquisition and motor learning in
motor tasks performed with the hand and arm system [1]. Specifically, most M1-tDCS studies
have shown skill improvements of approximately 10-15% during or immediately after a single
tDCS application when compared to practice of a motor task alone in the same conditions [1].
Accordingly, the vast majority of studies that have applied tDCS to any brain region have
involved only one 10-20 minute practice session [1, 2]. However, a few studies that have applied
M1-tDCS for 3-5 consecutive days have been able to induce cumulative effects leading to an
approximate enhancement of 20-40% in total motor learning when compared to SHAM
stimulation [3, 4]. Both of these studies involve used a sequential visuomotor isometric pinch
grip task (SVIPT) involving the thumb and index finger as the motor task. Interestingly, the
greater gains in total motor learning in the tDCS groups in these studies compared to the SHAM
was primarily due to consolidation processes that took place between-sessions (also termed
“offline” learning effects) as opposed to within-session (also termed “online” learning effects)
skill gains, which was similar between groups [3, 4]. Overall, the multi-session tDCS studies
have particularly important implications for enhancing performance in various motor tasks due to
the fact that the increases in motor skill accumulate to a much higher degree compared to single
session studies.
Although the findings of single and multiple day tDCS studies have been promising,
almost all of them have utilized relatively simple fine motor tasks such as finger sequences with
four digits, two-dimensional arm reaching movements, various pinch grip tasks involving the
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thumb and index finger, hand/arm dexterity tasks, and single-joint visuomotor tracking tasks [1].
In addition, many of these are often laboratory tasks that were novel to the participants or
performed in contexts different from those encountered in activities of daily living. Thus, it is
relatively unknown if tDCS can enhance motor learning in complex tasks that involve multiple
joints, whole-body coordination, and high accuracy requirements. While simple motor tasks are
important as initial starting points in research, allow for very strict controlled experiments, and
make simultaneous physiological measurements much easier to obtain, the investigation of
complex motor tasks is needed to fully understand human movement control and motor learning
[5-7]. Most importantly, complex motor tasks are much more relevant to workplace, military,
sports, and other real-world tasks involved in the activities of daily living. Taken together, these
lines of reasoning imply that the viability of tDCS as an intervention to increase motor learning
can only be determined through the examination of complex motor tasks.
The primary purpose was to determine the influence of tDCS on motor learning over
multiple days in a complex overhand throwing task in young adults. This was accomplished by
having two groups of participants complete three practice sessions of overhand throws on
consecutive days simultaneously with either tDCS or SHAM stimulation. Based on single and
multi-day tDCS studies that involved relatively simple motor tasks [1], it was hypothesized that
tDCS applied to M1 over three days would improve endpoint accuracy in a complex overhand
throwing task. Specifically, it was expected that tDCS would lead to greater online learning,
offline learning, and total motor learning compared to SHAM stimulation. The secondary
purpose was to examine the association between tDCS induced increases in cortical excitability
and the magnitude of motor learning. Based on previous studies [8, 9], it was predicted that the
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increase in motor evoked potential (MEP) amplitude following tDCS would be positively
associated with the degree of motor learning exhibited by participants in the tDCS group.
A three-dimensional overhand throwing task that was performed in a manner similar to a
baseball throw was chosen as the motor practice task as it is arguably one of the most complex
human movements (for a review see Urbin et al. 2012 [10]). First, overhand throwing is an
unconstrained, multi-joint skill that involves the prediction and exploitation of joint interaction
torques [11-15]. Second, the modulation of the finger forces involved in the timing of the finger
opening is extremely precise (1-2 ms) in skilled throwers and is a major determinant of accuracy
[16-20]. Third, the associated timing and coordination of multiple sets of agonist and antagonist
muscle must be strictly regulated [11, 18]. Fourth, it is characterized by a large movement
amplitude of the arm, usually performed at relatively high velocities, and involves an
exceedingly large number of degrees of freedom.
2. Methods
2.1. Participants
A total of 46 young adults were recruited for the study (26 males and 20 females; mean
age: 24.9.1 ± 3.4; range: 20-32 years). Participants were strongly right-handed based on the
Edinburgh Handedness Inventory [21], threw with their right hand, had no known history of
neurological disorders, did not report any psychiatric condition, and did not meet any exclusion
criteria for non-invasive brain stimulation [22]. Potential participants who were currently
engaged in a throwing sport on the recreational, collegiate, or professional level were excluded
from the study. Participants provided written, informed consent before participating in the study.
All experimental procedures were approved by the University of Nevada, Las Vegas Institutional
Review Board and conducted according to the Declaration of Helsinki.
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2.2 Experimental design
The study utilized a double-blind, randomized, between-subjects, SHAM-controlled,
experimental design. Participants were allocated to either a tDCS or a SHAM stimulation group
(Research Randomizer, www.randomizer.org) by one of the investigators who was not involved
in data collection. The participants came to the laboratory at the same time of day on 3
consecutive days and completed 3 identical experimental sessions with each session lasting ~1.5
- 2 hours. The one exception was that a familiarization involving a short instructional video and
an overhand throwing demonstration was completed at the start of the first experimental session.
The major experimental steps for a single experimental session are depicted in Figure 1a and
were completed in the following order: 1) a pre-test block of overhand throwing trials (no
stimulation); 2) TMS testing of tDCS effects on M1 excitability that collectively involved a TMS
pre-test, 5 minutes of either tDCS or SHAM stimulation, and a TMS post-test; 3) practice blocks
of overhand throwing performed simultaneously with either tDCS or SHAM; and 4) a post-test
block of overhand throwing trials (no stimulation). The finer methodological details aspects of
each of the major steps are provided in the sections below. The investigators who conducted the
experiments detailed below and analyzed the data were blind to the participant group
assignments. Accordingly, the investigator who applied stimulation and operated the tDCS
device did not partake in any other experimental procedures or in analysis of the data.
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Figure 1. A schematic illustration of the major elements of the experimental paradigm. (a) Three identical
consecutive daily experimental sessions were performed, but only one experimental session is shown for brevity and
illustrative purposes. The protocol involved a pre-test block of overhand throws, a TMS testing protocol to
determine the effects of tDCS on M1 excitability, 5 practice blocks of overhand throws performed simultaneous
with 20 minutes of tDCS or SHAM stimulation, and a post-test block of overhand throws; (b) The quantification of
endpoint error and a representative group of trials. Endpoints of the ball are depicted for a 10-trial block as well the
x and y errors for a single trial that were used to calculate the endpoint error of the trial.

2.3 Experimental procedures
2.3.1. Pre-test blocks
A pre-test block of 10 overhand throwing trials was executed without simultaneous tDCS
application to quantify baseline performance for the groups on Day 1 before any stimulation had
been applied. Accordingly, the pre-test blocks on Days 2-3 were executed in the same manner
and provided a baseline on those days that was not influenced by stimulation, but could have
been impacted by consolidation effects from the prior day. For all pre-test blocks, 10 trials per
block was selected as this was previously deemed to be adequate [23] for baseline data, but did
not overly impact subsequent overhand throwing performance curves in the practice blocks.
Additionally, this assured that the number of trials per block was the same ad in the post-test and
practice blocks. The performance of the pre-test blocks without simultaneous tDCS application
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permitted the calculation of the relative roles of online and offline learning effects to the total
motor learning (see section 2.7 Statistical Analysis).
2.3.2 TMS quantification of tDCS effects on M1 excitability
TMS was performed with a Magstim 2002 that was connected to a double 70mm remote
control figure-of-eight coil that was arranged tangential to the scalp with the handle pointing
laterally and backwards at a 45-degree angle from the midline. An investigator positioned the
coil over the “motor hot spot” of the first dorsal interosseous (FDI) muscle of the left M1 to
obtain MEPs in the FDI of the right (contralateral) hand [24]. Electromyographic (EMG) activity
of the FDI was recorded with surface electrodes arranged in a belly tendon montage. Cambridge
Electronic Design (CED; Cambridge, UK) hardware (1902 amplifiers, micro 1401 data
acquisition interface) and software (Signal) were used to acquire and record all EMG signals.
MEPs were evoked with single TMS pulses while subjects were seated with the forearm on a
table, the wrist in a neutral position, the hand prone, the elbow flexed (~90 degrees), and the
shoulder abducted to ~ 45 degrees. Most importantly, the FDI muscle was at rest during all MEP
recordings and participants were provided with EMG feedback on a computer monitor. One
investigator further monitored the participant and EMG signals constantly to ensure that the FDI
was at rest during all recordings.
The TMS component of the study proceeding as follows: 1) Identification of FDI hotspot
location. Suprathreshold TMS pulses were applied while the coil position was optimized so that
the FDI motor hot spot could be identified. The corresponding coil position was marked on a
scalp cap and the cap position on the head was denoted with a mark on the forehead; 2)
Determination of 1 mV MEP intensity. TMS pulses were usually started at ~55% of maximum
stimulator output (MSO) and the stimulation intensity was adjusted while MEPs were monitored
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and quantified online until the MEP amplitudes were as close as possible on average to 1 mV.
Once this was accomplished the software program was reset to collect the pre-test TMS block; 3)
Pre-test TMS block. Twenty-five MEPs were collected using the 1 mV stimulation intensity; 4) 5
minutes of tDCS or SHAM stimulation. Following the previous step, the TMS cap was removed,
the tDCS electrode electrodes were placed on the head, and 5 minutes of either tDCS or SHAM
stimulation was delivered; 4) Post-test TMS block. Immediately after the 5 minutes of
stimulation elapsed in the previous step, three prepared investigators coordinated as quickly and
as accurately as possible to remove the tDCS electrodes, reposition the TMS cap and coil, and
begin the collection of the post-test TMS block (25 MEPS) as soon as possible using the same 1
mV stimulation intensity. At this time, the participant was instructed to maintain relaxation of the
hand and to minimize overall movement; and 5) 20 minute inter-stimulation period. One
investigator set a 20 minute time clock (at the end of step 4) and enforced a 20 minute interval
between the end of the 5 minute tDCS application and the subsequent start of the 20-minute
tDCS application period that was performed concurrent with the overhand throwing practice
blocks (see Figure 1 and below).
The novel paradigm described above that involving a 5 minute tDCS application
followed by a 20-minute interval was designed to address methodological issues related to MEP
quantification before and after tDCS application. It was based on research findings by other
research groups in studies that were focused entirely on the influence of different tDCS duration
protocols on M1 excitability and are described briefly below. The paradigm developed for the
purposes of this study was then extensively piloted in our laboratory for the current study and
two other studies (unpublished, in progress). This was undertaken to ensure, as much as possible,
that the paradigm worked as envisioned.
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The paradigm was developed based on three interrelated methodological considerations:
1) tDCS given for 3-5 minutes increases MEPs for a 3-5 minute period after stimulation ceases
[25-27]; 2) if a 20-30 minute break is given before a another tDCS application, the same exact
pattern of MEP increases occur as before. However, if a short break of only 3-10 minutes is
given, inhibition occurs [25, 26]; and 3) MEP increases due to tDCS can be obliterated after
muscle contractions (task performance, isometric), the subject moving (e.g. walking), and
following various other motor and even cognitive activities [28-31], which may render MEP
measurement after practice meaningless [for a review of these issues see Horvath et al. (2014)
[29]). Therefore, the novel paradigm above was designed to overcome these limitations while
retaining the ability to quantify possible correlations between the increases and increases in
motor learning [8, 9, 32]. However, it assumes that the second tDCS application had the same
effects on M1 excitability effects as the first [25, 26].
2.3.3 Practice blocks
The practice blocks were completed simultaneous with either tDCS or SHAM stimulation
for a total practice and stimulation period of 20 minutes (Figure 1a). The practice block segment
of the study proceeded as follows: 1) tDCS was applied for 3 minutes while subjects stood
quietly before starting the first block of overhand throwing trials [23]; 2) five blocks of overhand
throwing were performed (10 trials per block) and were completed within the remaining 17
minutes of stimulation time. Each block took ~1 to 1.5 minutes to complete and a 2 minute rest
interval was utilized between blocks; 3) the stimulator was kept running after the last block of
overhand throws was completed (usually 1-2 minutes) until the 20 minute stimulation period had
elapsed. The investigator programmed the stimulator for the practice blocks did not participate in
the data collection or data analysis portions of the experiment.
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2.3.4 Post-test blocks
After the stimulation period and associated practice blocks had ended, participants were
required to stand in place quietly while the now inert electrode montage remained on the head.
Next, a 5 minute rest period was enforced before performing the post-test block of overhand
throwing 10 trials. The execution of the post-test blocks without simultaneous tDCS allowed for
the calculation of the roles of online and offline learning effects to total motor learning when
incorporated into calculations with the pre-tests that were also completed without stimulation
(see section 2.7 Statistical Analysis).
2.4 tDCS
A NeuroConn DC Stimulator Plus/MR delivered anodal tDCS at a current strength of 1
mA through a pair of rubber electrodes (5 cm × 7 cm) that were encased in sponges soaked with
saline solution. Accordingly, the anode was placed over the FDI motor hotspot of the left M1 and
the cathode was placed over the contralateral supraorbit (M1-SO montage). The anode and
cathode were secured in place by separate elastic rubber straps. As described above, tDCS was
delivered for a 5 minute period between the TMS pre-test and post-test blocks and for a 20
minute period during the practice blocks of overhand throws. Therefore, the two applications of
tDCS had the same stimulation parameters other than two different durations. In the overhand
throwing trials, the stimulation device was located in the backpack [23], whereas the stimulator
was placed on a table behind the participant during the MEP testing protocol. SHAM stimulation
was applied according to standard procedures [33], which involved the current being ramped up
over 10 seconds, held constant at 1 mA for 30 seconds, and ramped down over 10 seconds.
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2.5 Overhand throwing task
The overhand throwing task was executed in a manner identical to a previous study in our
laboratory that used similar experimental methods [23], although it was a single day study
involving c-tDCS. Participants stood 6 meters from a wall and behind a line marked on the floor.
A sturdy board was mounted on the wall and a printed poster covered with clear industrial tape
was nailed to the board surface. The target was printed on the poster that displayed a very small
diameter (1 cm) “bull’s-eye” center (Figure 1B).
Participants threw a tennis ball in a manner similar to an overhand baseball throw using
the right (dominant) arm. The instructions were to perform every throw as accurately as possible
by attempting to hit the target center on each trial. An investigater covered the ball with red chalk
before and halfway through each block of 10 trials. This allowed marks to be made that denoting
the final endpoint position of the ball after hitting the target area. Thus, participants could use
visual feedback of the endpoint of the ball relative to the target center after a trial to facilitate
minimizing the distance of the error on subsequent trials. After each trial, that investigator
retrieved the ball and gave it back to the participant to start the next trial while another
investigator recorded the ball mark in the trial with a very small trial-numbered sticker.
Participants stood quietly and rested after each trial block ended while 2-3 investigators used the
rest interval to measure, record, and enter the endpoint x, y coordinates of the 10 stickers directly
into a data file on a laptop computer. They also removed the stickers from the target area during
the rest interval and the process repeated for the next trial block.
The overhand throwing task was always performed when wearing a tightly fitting small
backpack with the tDCS device inside. The tDCS device was only turned on in the practice
blocks (Figure 1) and, therefore was not on during the test-blocks. Importantly, however, the
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now inert electrode montage remained on the head of the participant and the device in the
backpack so that the overhand throwing conditions were the same in all blocks. The arrangement
of the tDCS device, montage, and backpack did not restrict overhand throwing performance [23].
Thus, the overhand throws were executed naturally in unconstrained conditions in threedimensions. Collectively, the overhand throwing task itself, the very small target size, and the
long throwing distance were task details specifically chosen within the lab space constraints to
make certain that the motor task would be very difficult.
2.6 Data analysis
The endpoint error in the overhand throwing task was the primary dependent measure of
interest and the MEP amplitude evoked by TMS was the secondary dependent measure of
interest. The dependent measures of age, laterality quotient, and 1 mV MEP intensity were
viewed as control measures. Endpoint error is the best overall measure of endpoint accuracy and
was calculated in accordance with previous studies [23, 34-36]. Briefly, the Pythagorean
Theorem was used to quantify the shortest absolute distance between the target center’s x, y
coordinates and the ball’s final endpoint x, y coordinates (see Poston et al. (2013) [37] for details
of the calculations). The x, y coordinates of ball’s endpoint were entered directly into a customwritten script in Microsoft Excel that calculated the endpoint error for each trial. The average of
the 10 trials in each block of overhand throwing was taken as the final endpoint error values and
used for analysis. MEP data were collected using a customized script written in Signal software
(Cambridge Electronic Design, Cambridge, UK) and further analyzed offline using another
custom written script in Signal. MEP size was quantified as the peak-to-peak amplitude for each
individual MEP and the average of the 25 MEPS evoked in each test block was used for analysis.
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For the control measures, the group averages for age, laterality quotient, and 1 mV MEP
intensity (three-day grand average) were quantified for each of the two groups.
2.7 Statistical analysis
Endpoint error was analyzed similar to the methodologies employed in previous 3-5 day
tDCS studies by other research groups [3, 4, 38], but also shared similarities with to our previous
studies [23, 34, 35]. The statistical analysis of endpoint error involved three steps: 1) endpoint
error from only the test blocks was analyzed with a 2 Group (c-tDCS, SHAM) × 3 Day (1, 2, 3)
× 2 Test (Pre-test, Post-test) three-way mixed ANOVA. This analysis used the test block
endpoint error only because they were executed without concurrent stimulation. Furthermore,
this facilitated comparison of the results to previous 3-5 day tDCS studies [3, 4, 38]; 2) endpoint
error from all the test blocks and practice blocks for each day were averaged and were analyzed
with a two-way mixed ANOVA: 2 Group (c-tDCS, SHAM) × 3 Day (1, 2, 3). Thus, this second
analysis used the average endpoint error value obtained from all 7 blocks combined (2 test and 5
practice blocks) on each day. This complemented the first analysis since our pilot data and a
previous single day study [23] as well as the present study all had many individual participant
instances where endpoint error in a test block could be rather different from some practice
blocks. Accordingly, this analysis could potentially more accurately represent overall
performance for each day; 3) unpaired two-tailed t-tests were used to compare the online, offline,
and total learning effects between the two groups.
MEP amplitude was analyzed with a three-way mixed ANOVA: 2 Group (c-tDCS,
SHAM) × 3 Day (1, 2, 3) × 2 Test (Pre-test, Post-test). Bivariate linear regression analyses were
also utilized to analyze the associations between MEP amplitudes changes between the TMS pretests and post-tests and endpoint error (endpoint accuracy) changes between the pre-test and
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post-test blocks involving overhand throwing. These correlations were performed separately for
each of the three days and only for the tDCS group. The control measures of age, laterality
quotient, and 1 mV MEP intensity were compared between groups with separate unpaired twotailed t-tests. Post hoc comparisons using Bonferroni adjustment for multiple comparisons were
performed to locate where significant differences occurred between pairs of means in all of the
ANOVAs described above. The significance level was α < 0.05 for all analyses and the data are
shown as means ± standard errors in the figures.
3. Results
3.1. Endpoint error
The differences in motor learning between the groups was compared across the practice
days and test blocks with a 2 Group (tDCS, SHAM) × 3 Day (1, 2, 3) × 2 Test (Pre-test, Posttest) ANOVA. There was a significant Group × Day interaction (P = 0.034, η2 = 0.074; Figure
2a) and post hoc analyses of the interaction indicated that endpoint error when collapsed across
Test was significantly lower in the tDCS compared to the SHAM group on Day 3 (P = 0.043),
but not Day 1 (P = 0.654) or Day 2 (P = 0.125). There was also a significant main effect for Test
(P < 0.001, η2 = 0.23), which indicated that endpoint error was lower in the post-tests compared
to the pre-tests. The main effect for Group (P = 0.165, η2 = 0.043), main effect for Day (P =
0.274, η2 = 0.029), Group × Test interaction (P = 0.343, η2 = 0.02), Test × Day interaction (P =
0.348, η2 = 0.024), and Group × Day × Test interaction (P = 0.533, η2 = 0.014) were all nonstatistically significant.
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Figure 2. Endpoint error in the overhand throwing task for the c-tDCS and SHAM groups. (a) Endpoint error as a
function of trial block number for all three days. The endpoint error declined across the test blocks for the three days
of practice, but only for the tDCS group (Group × Day interaction; P = 0.034); (b) Endpoint error averaged for all 7
daily trial blocks. The endpoint error declined across the test blocks for the three days of practice, but only for the
tDCS group (Group × Day interaction; P = 0.017); (c) The online (P = 0.343) and offline learning (P = 0.418) were
similar for the two groups. However, the combined online and offline effects resulted in significantly greater total
learning (P = 0.047) for the tDCS group compared to the SHAM group.

The differences in motor learning the between groups was also compared across the
practice days using average endpoint error data when collapsed across all the practice and test
blocks with a 2 Group (tDCS, SHAM) × 3 Day (1, 2, 3) mixed ANOVA. There was a significant
Group × Day interaction (P = 0.017, η2 = 0.088; Figure 2b) and post hoc analyses of the
interaction indicated that endpoint error was significantly lower in the tDCS compared to the
SHAM group on Day 3 (P = 0.042), but not Day 1 (P = 0.441) or Day 2 (P = 0.26). The main
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effect for Day (P = 0.887, η2 = 0.003) and main effect for Group (P = 0.174, η2 = 0.042) were
both non-statistically significant.
Due to the fact that the ANOVAs revealed significant Group × Day interactions for total
motor learning, a series of separate unpaired two-tailed t-tests were used to compare online,
offline, and total learning effects between groups. The analyses revealed that the online and
offline effects were non-statistically significant between the tDCS and SHAM groups (P = 0.343
and P = 0.418, respectively). However, the total learning effect was significantly (P = 0.047)
greater for the tDCS group compared to the SHAM group (Figure 2c).
3.2 MEP amplitude
M1 excitability differences between groups was compared across practice days and test
blocks with a 2 Group (tDCS, SHAM) × 3 Day (1, 2, 3) × 2 Test (Pre-test, Post-test) ANOVA.
There was a significant Group × Test interaction (P < 0.001, η2 = 0.286; Figure 3) and post hoc
analyses of the interaction indicated that MEP amplitude when collapsed across Day was
significantly greater in the tDCS compared to the SHAM group in the post-tests (P = 0.034), but
not the pre-tests (P = 0.104). Accordingly, there was a significant main effect for Test (P <
0.001, η2 = 0.370), which indicated that MEP amplitude was higher in the post-tests compared to
the pre-tests. Finally, there was a significant main effect for Group (P < 0.001, η2 = 0.264),
which indicated that MEP amplitude was higher in the tDCS compared to the SHAM group. The
main effect for Day (P = 0.271, η2 = 0.029), Group × Day interaction (P = 0.566, η2 = 0.013),
Test × Day interaction (P = 0.930, η2 = 0.002), and Group × Day × Test interaction (P = 0.744,
η2 = 0.007) were all non-statistically significant.
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Figure 3. MEP amplitude for the tDCS and SHAM groups in the TMS pre-tests and post-tests for the three days.
MEP amplitude was significantly increased between the TMS pre-tests and post-tests on all three days for the tDCS
group (P < 0.001), but not for the SHAM group.

3.3 Associations between increases in MEPs and increases in endpoint accuracy
Bivariate linear regressions were performed for each of the three days and only
participants in the tDCS group who had exhibited both increases in MEP amplitude and endpoint
accuracy were included in the analyses. The analyses revealed that on Days 1 and 2 the
associations between the changes in MEP amplitudes changes in endpoint error (endpoint
accuracy) for the tDCS group were all non-statistically significant (P = 0.476 and P = 0.645,
respectively) and characterized by very low r2 values (0.04 and 0.18, respectively) as indicated in
Figure 4a-b. On Day 3, the analysis revealed that the associations were significant (P = 0.007, r2
= 0.727), however, the r value was negative (-0.853).
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3.4 Control measures
A series of separate unpaired t-tests revealed that the between group differences for age
(P = 0.136), laterality quotient (P = 0.718), and the 1 mV MEP intensity (P = 0.832) were all
non-statistically significant.

Figure 4. Associations between increases in MEP amplitude and increases in endpoint accuracy for the tDCS group.
(a, b, c) The absolute change (increase) in endpoint accuracy (decrease in end-point error) was not associated with
the absolute change (increase) in MEP amplitude for the par-ticipants in the tDCS group that displayed both
increases in endpoint accuracy and MEP amplitude.

4. Discussion
The primary purpose was to determine the influence of tDCS on motor learning over
multiple days in a complex overhand throwing task in young adults, whereas the secondary
purpose was to examine the association between tDCS induced increases in cortical excitability
and the magnitude of motor learning. The study produced four main findings. First, significantly
decreased over the three days of practice in the tDCS group, but not in the SHAM group.
Second, the decreases in endpoint error were due to both online and offline effects in the tDCS
group. Third, MEP amplitude was significantly increased in the tDCS group, but not in the
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SHAM group. Fourth, the increases in MEP amplitude in the tDCS group were not positively
associated the degree of improvements in motor learning. Taken together, these findings indicate
that M1-tDCS applied over three consecutive days can improve motor learning in a complex
motor task in young adults, but these improvements are not associated with tDCS induced
changes in M1 excitability.
4.1. Influence of M1-tDCS on motor learning
Motor learning refers to a relatively long-term improvement in motor performance due to
extensive practice. It is usually quantified at a minimum of several hours or one day following
practice. In contrast, motor skill acquistion refers to a relatively short-term change in motor skill
measured during a single practice session or within a couple hours following practice. In
addition, the physiological mechanisms and adjustments underlying the motor skill acquisition
and motor learning processes over these distinct time periods in normal practice circumstances
are different in some respects [39]. Similarly, the physiological mechanisms mediating the
positive effects of tDCS on motor skill learning during short-term versus long-term motor skill
learning are likely realized through some common, but also some distinct mechanisms [1].
Regardless of the exact physiological mechanisms, extensive research over many years has
shown that M1 is one of the most important if not the predominant brain region responsible for
the improvements in motor learning with practice [[1, 40-42]. Accordingly, this is one major
reason that studies utilizing tDCS and related non-invasive brain stimulation techniques most
commonly target M1 when attempting to improve motor learning, although they have primarily
involved relatively simple motor tasks.
The present study was the first to our knowledge that has investigated the influence of
tDCS applied to M1 on motor learning over multiple days in a complex motor task involving
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whole-body coordination. It was originally hypothesized that the tDCS group would display
greater total motor learning over the course of the three days of practice and stimulation
compared to the SHAM group. Consistent with this hypothesis, endpoint error slowly and
progressively decreased with practice in the tDCS group by approximately 22% by the end of
Day 3. In contrast, the SHAM group experienced an improvement in endpoint error of only
about 2% in this difficult motor task at the end of Day 3. These differences in total motor
learning, however, were not accompanied by statistically significant between group differences
in online or offline learning (Figure 2c). This was because both the online and offline effects
equally contributed to the greater total motor learning in the tDCS group (see below). The greater
motor learning realized by the tDCS group was also not due to the increases in MEP amplitude
found only in the tDCS group because the increases were not correlated with the amount of
motor learning. Finally, potential factors such as the baseline skill level, age of the participants,
TMS stimulation intensity to evoke a 1 mV MEP [43], and degree of right-handedness, which
could have possibly contributed to the between group differences cannot explain the present
findings as these factors were almost exactly the same between groups.
The results of the present study are consistent with most of the prior single session tDCS
studies by other research groups [1] that utilized simple motor tasks. The findings are also in
agreement with a previous single session study, albeit involving anodal cerebellar tDCS,
performed in our lab that used the exact same overhand throwing task [23]. In that study, the
reduction in endpoint error was greater for the cerebellar tDCS group (~19.5%) compared to the
SHAM group (~6.5%) at the end of the practice session. However, the results of the current
study are best analysed in the context of multi-day studies that also applied tDCS to M1.
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Overall, the current outcomes are also generally in accordance with two previous M1tDCS studies that utilized the SVIPT of the thumb and index fingers, but also display a few
nuanced differences. First, the magnitude of difference between the tDCS and SHAM groups in
total motor learning appears to be less (~22%) compared to the at least 40% between group
differences that the figures in the studies by Reis and colleagues [3, 4] appear to show. Second,
the between group differences in online and offline effects were not statistically different
between the tDCS and SHAM groups in the current study, whereas Reis and colleagues reported
significant between group differences in offline effects. Therefore, the greater total learning in
the present study had to be due to the online and offline effects both contributing to the
significant total learning differences between groups, although each individually did not reach
statistical significance when compared between the two groups. Accordingly, the average
decrease in endpoint error for the online effects were ~-5.86 cm for the SHAM group versus 10.08 cm for the tDCS group, which is almost a 50% difference. For the offline effects, the
endpoint error increase was 5.3 cm for SHAM group versus 2.88 cm for the tDCS group, which
again is almost a 50% difference. Note that these increases in offline learning represent a
regression from the skill levels achieved at the end of the previous day. Thus, the tDCS group
had less of a regression day to day along with greater online learning day to day. Third, the
SVIPT studies appeared to show that most of the differences between groups were realized
within the first few blocks of trials and that this difference was mainly maintained over the
course of the next 3-5 days. In contrast, the results of the current study did show a large between
group difference in the first tDCS block on the first day, but this difference was quickly made up
by the SHAM group. Subsequently, the tDCS grouped improved overall motor learning through
slow, progressive improvements across the trial blocks within and between the three days.
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Nonetheless, the current findings are in general agreement and extend previous multi-day tDCS
involving simple motor tasks to a more complex motor task. However, tDCS effects on motor
learning, at least in this complex motor task, do not appear to be as great in magnitude, as
consistent, or mediated primarily through offline effects compared to prior research on simpler
tasks.
4.2. The influence of tDCS on M1 excitability
Anodal tDCS applied to M1 usually results in both increases in motor skill and in M1
excitability as measured by MEP amplitude evoked by single pulse TMS. These are common
observations that have been reported in studies that measured only one of these variables or in
studies that have measured both in the same study. Accordingly, the increases in motor skill and
MEPS were shown to be positively correlated in some initial studies [8, 9]. Based on these
results and on classic studies that observed enhanced MEPs in task specific muscles following
deliberate skill practice (no tDCS involved) [44], it was initially assumed that the increases in
M1 excitability induced by tDCS were at least partially responsible for motor skill improvements
that surpassed practice alone. However, findings from recent studies and review articles [29, 32,
45, 46] have cast doubt on whether the concurrent increases in motor performance and MEP
amplitudes are strongly associated and mechanistic linked or even if the increased MEP values in
these instances have any functional relevance. Therefore, the secondary purpose of the study was
to examine if increases in M1 excitability due to tDCS, if they occurred, would be positively
associated with the magnitude of motor learning exhibited by the participants.
For MEP amplitude, the major overall finding was that tDCS significantly increased
MEP amplitude from the pre-tests to the post-tests on all three days (Figure 3), but was
essentially unchanged in the SHAM group. These results were expected and in line with the
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majority [47], but not all [29, 46, 48], M1-tDCS studies on these topics. More specifically, the
MEP amplitude increases were about 47% when averaged over the three days for the tDCS
group compared with the non-significant increase of about 5% in the SHAM group. This degree
of increase is in the high end of the approximate 20-50% range reported in most of the early
tDCS studies on the topic [46]. A more recent review found the average MEP increase across all
anodal tDCS studies to be 28% [47]. Furthermore, the average percentage of participants in the
tDCS group who displayed a MEP increase on a given day was 74%, whereas the corresponding
value in the SHAM group was 46%. In regard to the associations between MEP amplitude
changes and endpoint accuracy changes, the results demonstrated a complete lack of significant
positive associations even though the analyses were confined to only participants in the tDCS
group who exhibited an increase in both measures on a given day. Accordingly, the r2 values
were exceedingly small on Days 1-2 and the r value was even negative for Day 3 [Figure 4A-C],
which further implies that MEP increases following tDCS have very little functional significance
to motor learning. These results are in contrast to two previous studies that involved small
sample sizes in patient populations [8, 9], but are consistent with an extremely extensive study
with a very high sample size [32]. This study found that MEP increases elicited by several forms
of non-invasive brain stimulation including tDCS were not associated with the amount of motor
learning achieved by participants across three of the most common motor tasks used in tDCS
studies [32].
4.3. Conclusions
The main finding was that endpoint error significantly decreased over the three days of
practice in the tDCS group, but not in the SHAM group. Thus, M1-tDCS was able to improve
motor learning in this complex motor task to a greater extent than practice alone in healthy
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young adults. The greater total motor learning exhibited by the tDCS group was accomplished
through a combination of online and offline learning effects that were superior to those displayed
by the SHAM group. tDCS also significantly increased M1 excitability in every experimental
session, but these excitability increases were not significantly positively associated with the
amount of motor learning displayed by individual subjects. The results confirm and extend the
overall tDCS learning literature and are generally consistent with studies that have involved
simple motor tasks. However, the magnitude of motor learning experienced by the participants in
this complex motor task did not seem to be as high as that found in previous multi-day M1-tDCS
studies involving a pinch grip task of the thumb and index fingers [3, 4]. Future studies should
continue to investigate the influence of tDCS on complex motor tasks and should employ
concurrent physiological measurements, investigate different parameters of stimulation, and
explore methods to individualize tDCS for the optimal results.
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Significance of the Chapter
In the previous chapter, the primary purpose was to examine the effects of long-term M1tDCS on motor learning in a complex overhand throwing task in young adults. Additionally, the
secondary purpose was to investigate the association between M1-tDCS induced increases in
cortical excitability and the magnitude of motor learning. The first hypothesis was that M1-tDCS
would improve endpoint accuracy in the complex overhand throwing task greater than practice
alone (SHAM stimulation). The second hypothesis was that cortical excitability increases in
following tDCS would be positively associated with the degree of motor learning exhibited by
participants in the tDCS group. The results confirmed the first, but not the second hypothesis.
Accordingly, the endpoint error was significantly lower for the tDCS group compared with the
SHAM group on the third and final day of practice, but the increases in cortical excitability were
not positively associated with the increases in motor learning displayed by the tDCS group.
Furthermore, the total learning improvements in the tDCS group were mediated by both online
and offline effects. Overall, the previous findings generally supported previous multi-day M1tDCS studies. However, the magnitude of the positive tDCS effects on motor learning was
smaller in the complex motor task studied in the previous chapter. In addition to M1, tDCS
applied to the cerebellum (c-tDCS) has also been shown to be as effective or nearly as effective
as M1-tDCS. This has been demonstrated in many single session c-tDCS studies and a three-day
study. Therefore, this chapter's primary purpose was to determine the influence of c-tDCS
applied over multiple days on motor learning in a complex overhand throwing task. The
secondary purpose was if c-tDCS could increase M1 excitability and if any increases in
excitability would be positively correlated with the amount of motor learning induced by ctDCS.
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Abstract
Cerebellar transcranial direct current stimulation (tDCS) enhances motor skill and
learning in relatively simple motor tasks, but it is unclear if c-tDCS can improve motor
performance in complex motor tasks. The purpose was to determine the influence of c-tDCS
applied over multiple days on motor learning in a complex overhand throwing task. In a doubleblind, randomized, between-subjects, SHAM-controlled, experimental design, 30 young adults
were assigned to either a c-tDCS or a SHAM group. Participants completed 3 identical
experiments on consecutive days that involved overhand throwing in a pre-test block, 5 practice
blocks with concurrent c-tDCS, and a post-test block. Overhand throwing endpoint accuracy was
quantified as the endpoint error. The first dorsal interosseous muscle motor evoked potential
(MEP) amplitude elicited by transcranial magnetic stimulation was used to quantify primary
motor cortex (M1) excitability modulations by c-tDCS. Endpoint error significantly decreased
over the 3 days of practice, but the magnitude of decrease was not significantly different between
the c-tDCS and SHAM group. Similarly, MEP amplitude slightly increased from the pre-tests to
the post-tests, but these increases did not differ between groups. These results indicate that multiday c-tDCS does not improve motor learning in an overhand throwing task or increase M1
excitability.
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1. Introduction
Transcranial direct current stimulation (tDCS) delivered to the cerebellum (c-tDCS) has
shown the ability to induce acute enhancements in skill acquisition in a variety of motor tasks [15]. Specifically, most studies have observed motor skill increases on the order of 10-15% either
during or shortly after a c-tDCS application given concurrent with practice relative to practice
alone [6-11]. These improvements can approach the results obtained when tDCS is applied to the
primary motor cortex (M1) [8, 12], which has been the brain area most commonly targeted by
tDCS and generally found to confer the greatest magnitude of performance benefits [1, 13, 14].
However, c-tDCS may be able to elicit similar or greater effects when compared with M1-tDCS
in specific experimental conditions such as adaptation learning paradigms [4, 8]. In addition, ctDCS may be highly effective in specific motor tasks where execution is highly dependent on the
specialized contributions of the cerebellum in motor control [2-5].
The vast majority of motor skill studies that have applied tDCS to any brain area have
involved a single stimulation session, usually lasting between 10 and 25 minutes. However, a
few studies [13, 14] that have applied M1-tDCS for 3-5 consecutive days have reported
cumulative effects leading to a 20-40% enhancement in total motor learning compared to SHAM
stimulation in a sequential visual isometric pinch force task (SVIPT) of the thumb and index
fingers. Accordingly, Cantarero et al. (2015) [12] delivered c-tDCS over 3 consecutive days
simultaneous with the same SVIPT and found substantial increases in motor learning in an
anodal c-tDCS group compared to both a cathodal c-tDCS and a SHAM stimulation group.
Interestingly, the phase of learning in which the gains in motor performance were predominantly
realized differed between M1-tDCS and c-tDCS in these studies. M1-tDCS led to performance
enhancements that were primarily mediated between the daily stimulation sessions, whereas with
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c-tDCS motor skill gains were achieved within the stimulation sessions. This was quantified by a
method developed [12-14] to mathematically determine the unique contributions of withinsession effects and between-session effects, which are also termed “online” and “offline” effects,
to the overall total motor learning. Taken together, these single and multi-session c-tDCS studies
have important implications for enhancing performance in various motor tasks and in numerous
populations.

Despite the promising results in single day and multi-day c-tDCS studies, all but

one of them [11] have involved relatively simple motor tasks such as two-dimensional arm
reaching, split-belt walking, eye movements, and hand tasks. In addition, almost all previous ctDCS studies either involved adaptation learning paradigms or only a single stimulation session,
with one notable exception [12]. The motor tasks were also usually laboratory tasks that were
novel to the participants done in contexts very different from those encountered in everyday life.
Therefore, it is unclear at the present time if c-tDCS can improve motor learning in a complex,
multi-joint task involving coordination of the whole body with concomitant strict endpoint
accuracy requirements. This is an important limitation because although simple motor tasks
allow for simpler experiments [15], more rigorous experimental controls, and facilitate
concurrent physiological measurements, the study of complex motor tasks is needed to fully
understand movement [16, 17]. They are more applicable to real world activities performed in
settings such as the workplace, military applications, sports, and in activities of daily living.
The primary purpose was to determine the influence of c-tDCS applied over multiple
days on motor learning in a complex overhand throwing task in young adults. This was
accomplished by requiring two groups of participants to complete 3 practice sessions on
consecutive days concurrent with either c-tDCS or SHAM stimulation. Based on a single day ctDCS study performed in our laboratory, a multi-day c-tDCS study [12], and several previous
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multi-day M1-tDCS studies that examined relatively simple motor tasks, it was hypothesized that
c-tDCS would enhance overhand throwing accuracy. Accordingly, it was predicted that c-tDCS
would lead to improvements in online learning, offline learning, and total motor learning
compared to practice alone (SHAM stimulation) over 3 days of practice. The secondary purpose
was to determine if c-tDCS would increase M1 excitability and if these potential increases in
cortical excitability would be positively correlated with the amount of motor learning induced by
c-tDCS. Although previous studies are mixed regarding the ability of c-tDCS to increase M1
excitability [18], it was hypothesized that if an enhancement of motor evoked potential (MEP)
amplitudes obtained from M1 would be observed, the increase positively correlated with the
magnitude of motor learning displayed by the participants in the c-tDCS group.
A three-dimensional overhand ball throwing task (similar to a baseball throw) was
selected as the motor task due to the involvement of the cerebellum in several specific
interrelated features of the movement: 1) unconstrained, multi-joint skill that involves the
regulation of joint interaction torques [19-23]; 2) the modulation of the finger forces to precisely
time the opening of the fingers on a timescale of a few milliseconds [24-28]; 3) the timing and
coordination of agonist and antagonist muscle activations [19, 26]; and 4) the detection and
gradual correction of errors across multiple trials of goal-directed movements [29].
2. Methods
2.1. Participants
Thirty young adults participated in the study (16 males and 14 females; mean age: 24.7 ±
3.1; range: 20-31 years). All participants threw with their right arm and were strongly righthanded based on the Edinburgh Handedness Inventory [30] laterality quotient values.
Participants were free of any neurological or psychiatric disorder, had no uncontrolled medical
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conditions, and did not meet international non-invasive brain stimulation exclusion criteria [31].
In addition, participants were excluded from participating in the study if they were currently
competing in a throwing sport at the recreational, collegiate, or professional level. Subjects
provided written, informed consent before participating in the study. The experimental
procedures were conducted in accordance with the Declaration of Helsinki and were approved by
the Institutional Review Board at the University of Nevada, Las Vegas.
2.2 Experimental design
The study employed a double-blind, SHAM-controlled randomized, between-subjects,
experimental design. Participants were assigned to either a c-tDCS or a SHAM stimulation group
using (Research Randomizer, www.randomizer.org) by an investigator who did not participate in
data collection. All participants completed 3 experimental sessions on 3 consecutive days at the
same time each day. The experimental sessions were identical except that a familiarization
involving a short didactic video and an overhand throwing demonstration by one of the
investigators was completed at the beginning of the first experimental session. Each session
lasted about 1.5 - 2 hours and the following major experimental steps were performed in the
order prescribed: 1) pre-test block of overhand throwing trials without stimulation; 2) TMS
testing of c-tDCS effects on M1 excitability that collectively involved a TMS pre-test, 5 minutes
of either c-tDCS or SHAM stimulation, and a TMS post-test; 3) practice blocks of overhand
throwing trials performed concurrently with 20 minutes of either c-tDCS or SHAM stimulation;
and 4) post-test block of overhand throwing trials (without stimulation). A schematic of these
major experimental steps that comprised the experimental protocol is depicted in Figure 1A,
whereas the finer methodological details of each step are provided in the sections below. In all
the experimental conditions described below, the investigators who conducted the experiments
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and analyzed the data were blind to the group assignment of the subjects. Accordingly, the
investigator who was responsible for operating the c-tDCS device and applied stimulation did
not participate in any of the other experimental procedures or data analysis.

Figure 5. Schematic representation of the major components of the experimental protocol. (a) One of the three
consecutive identical experimental sessions is depicted for illustration purposes. The experimental protocol
comprised a pre-test block of overhand throws, a TMS testing paradigm testing the effects of c-tDCS on M1
excitability, 5 practice blocks of overhand throws performed concurrent with 20 minutes of c-tDCS or SHAM
stimulation, and a post-test block of overhand throws; (b) The target and the quantification of endpoint error. The
entire target area was 1.27 meters in length, 1 meter in width, the center of the target was 1.71 meters from the floor,
and the target circle had a diameter of 1 cm. An example data cloud of the endpoints of the ball is depict-ed for a
block of 10 trials along with the x and y errors for a single trial shown that were used to calculate the trial’s endpoint
error.

2.3 Experimental procedures
2.3.1. Pre-test blocks
A pre-test block consisting of 10 overhand throwing trials was performed without
concurrent c-tDCS to determine the baseline performance levels for the two groups on Day 1
before any stimulation was applied. Similarly, the pre-test blocks on Days 2-3 were performed in
an identical manner and provided a baseline not influenced by stimulation on those days, but
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possibly influenced by consolidation effects from the previous day. Ten trials per block were
chosen for all pre-test blocks as this number was previously determined to be sufficient [11] for
baseline data without eliciting an excessive influence on the overhand throwing performance
curves during the subsequent practice blocks. In addition, this allowed the number of trials per
block to be the same as in the practice and post-test blocks. Finally, the performance of the pretest blocks without concurrent c-tDCS allowed for the quantification of the contribution of online
and offline learning effects to total motor learning (see section 2.7 Statistical Analysis).
2.3.2 TMS testing of c-tDCS effects on M1 excitability
Single-pulse TMS was performed with a Magstim 2002 connected to a double 70mm
remote control figure-of-eight coil. The coil was orientated tangential to the scalp with the
handle pointed backwards and laterally at an angle of 45 degrees from the midline. The coil was
positioned by an investigator over the “motor hot spot” of the first dorsal interosseous (FDI)
muscle of the left M1 to evoke MEPs in the FDI of the right contralateral hand [32]. The
electromyographic (EMG) activity of the FDI muscle was recorded with surface electrodes that
were arranged in a belly tendon montage. EMG signals were acquired and recorded using
Cambridge Electronic Design (CED; Cambridge, UK) hardware (1902 amplifiers, micro 1401
data acquisition interface) and software (Signal). All MEPs were evoked at rest while subjects
sat in a chair with the forearm on a table, the wrist in neutral with the hand prone, the elbow
flexed to ~90 degrees, and the shoulder abducted to ~ 45 degrees. The subjects were provided
EMG feedback on a computer screen and continually monitored by one investigator to assure the
FDI was at rest during all recordings.
The TMS aspect of the study proceeding in the following steps: 1) FDI hot spot
identification. Participants received suprathreshold TMS pulses as the coil position was

71

optimized so that the scalp area that corresponded to the FDI motor hot spot could be identified,
the coil position marked on a scalp cap, and the cap position on the head was outlined with a
mark on the forehead; 2) 1 mV MEP determination. Suprathreshold TMS pulses starting at ~55%
of maximum stimulator output (MSO) were applied and the stimulation intensity adjusted while
MEPs were monitored and quantified online until the MEPs evoked were as close as possible to
a 1 mV peak-to peak amplitude on average. The software program was then reset to collect the
pre-test TMS block; 3) Pre-test TMS block. A total of 25 MEPs were collected using the
previously established 1 mV stimulation intensity; 4) 5 minutes of c-tDCS or SHAM stimulation.
After the previous step, the TMS cap was taken off, the c-tDCS electrode montage was placed on
the head, and 5 minutes of c-tDCS or SHAM stimulation was applied; 4) Post-test TMS block.
Immediately after the stimulation time was completed in the previous step, three readied
investigators acted in coordination as quickly and as accurately as possible to remove the c-tDCS
montage, reposition the TMS cap and coil arrangement, and start collection of the post-test TMS
block (25 MEPS) immediately using the same 1 mV stimulation intensity as before. During this
time, the subject was instructed to remain still and to continue relaxing the hand; and 5) 20
minute inter-stimulation period. A 20 minute time clock was set by one investigator (at the end
of step 4) who enforced a 20 minute time delay between the end of the 5 minute c-tDCS
application and the subsequent start of the 20 minute c-tDCS period associated with the overhand
throwing practice blocks (see Figure 1 and below).
This rather complicated and novel paradigm involving a 5 minute c-tDCS application
followed by a 20 minute break was developed to address methodological issues related to MEP
measurement before and after tDCS. It was based on research findings by other research groups
(described below) in studies that were entirely focused on the influence of different tDCS
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duration protocols on M1 excitability. The paradigm developed for our study purposes was then
extensively piloted in our laboratory for the current study and an identical study that used M1tDCS (manuscript in submission) as opposed to c-tDCS. This was done to assure as much as
possible that the paradigm worked as originally intended.
Accordingly, the paradigm was developed relative to three interrelated methodological
considerations based on: 1) tDCS applied for 3-5 minutes increases MEPs for 3-5 minutes after
stimulation ends [33-35]; 2) if a 20-30 minute break is employed before a second tDCS
application, the same pattern of MEP increases are observed, whereas inhibition occurs if the
break is only 3-10 minutes [33, 34]; and 3) tDCS induced MEP increases can be obliterated after
muscle contractions (task performance), the subject moving (e.g.) walking, and other related
activities [36-39], which may render MEP measurement after practice meaningless [for a review
of these issues see Horvath et al. (2014) [37]). Therefore, the paradigm was designed to
overcome this limitation while keeping the ability to measure the possible correlations between
the increases and the degree of motor learning [40-42], but assumes that the second application
of tDCS had the same M1 excitability effects as the first [33, 34].
2.3.2 Practice blocks
The practice blocks were performed concurrent with either c-tDCS or SHAM stimulation
for a total practice and stimulation period of 20 minutes (Figure 1A). The practice blocks aspect
of the study proceeded in the following steps: 1) the stimulator was turned on for 3 minutes
while subjects stood quietly before performing the first block of overhand throwing trials [11]; 2)
a total of 5 blocks of overhand throwing trials were performed with each block comprising 10
overhand throws. These blocks were completed within the remaining 17 minutes of stimulation
since each block took ~1 to 1.5 minutes to perform and a 2 minute rest interval was employed
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between blocks; 3) the stimulator was kept on after the last block of overhand throws was
completed, which was usually 1-2 minutes to complete the 20 minute stimulation period. The
investigator who placed the electrodes and programmed the stimulator for the practice blocks did
not participate in the data collection or data analysis aspects of the experiment.
2.3.4 Post-test blocks
After the practice blocks and the 20 minute stimulation period ended, participants stood
in place quietly while the inert electrode montage remained on the head, and observed a 5 minute
rest period before performing the post-test block of 10 trials. The performance of the post-test
blocks without concurrent c-tDCS allowed for the quantification of the contribution of online
and offline learning effects to total motor learning when incorporated into calculations involving
the pre-tests that were also performed without stimulation (see section 2.7 Statistical Analysis).
2.4 c-tDCS
A NeuroConn DC Stimulator Plus/MR was utilized to deliver anodal c-tDCS at a current
strength of 2 mA via a pair of 5 × 5 cm rubber electrodes that were enclosed in saline soaked
sponges. Accordingly, the anode was placed 3 cm lateral to the inion over the right cerebellum
(ipsilateral to the right arm), whereas the cathode was placed over the ipsilateral buccinator
muscle. The anode and cathode were held in place by separate rubber elastic straps. As
mentioned previously c-tDCS was applied for 5 minutes between the TMS pre-test and post-test
blocks and for 20 minutes during the practice blocks of overhand throws using the same
stimulation parameters. During the overhand throwing trials, the stimulation device was placed
in the small backpack [11], whereas the stimulator was placed behind the participant on a table in
association with MEP testing protocol. Although other c-tDCS parameters are possible and some
have yielded positive effects [5], the aforementioned combination set of c-tDCS polarity,
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montage, current strength, and duration were chosen as it had the most previous studies that have
demonstrated positive effects [6-10, 12]. Most importantly, this included our previous single
session overhand throwing study conducted in the same laboratory [11]. SHAM stimulation was
applied according to standard procedures [43]. Thus, current was ramped up to over 10 seconds,
held constant at 2 mA for 30 seconds, and ramped back down over 10 seconds, which has been
shown to induce the same scalp skin sensations without exerting any physiological effects.
2.5 Overhand throwing task
The overhand throwing task was identical to a previous study [11] and performed using
very similar experimental procedures. Participants stood behind a line on the floor located at a
distance of 6 meters from a cement wall. A thicken wooden board was tightly screwed into the
wall and a laminated poster that was further encased in clear tape was mounted on the board. The
poster depicted a large target area with a very small (1 cm diameter) “bull’s-eye” center (Figure
1b).
Participants threw a tennis ball with their dominant right arm in a manner consistent with
a baseball throw and were instructed to execute each throw as accurately as possible by
attempting to hit the center of the target. Participants used their visual feedback of the ball’s
endpoint relative to the center of the target after each trial and were told use that information to
minimize the error distance between the ball’s endpoint and the target center on subsequent
trials. The ball was covered with red chalk by an investigator before and midway through each
block of 10 trials so that marks were made denoting final endpoint position of the ball upon
hitting the target area. The same investigator retrieved the ball and handed it to the participant
after each trial. Each mark was recorded with a small trial-numbered circular sticker after each
trial by a second investigator who stood near the target area. After each trial block (participants
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inter-block rest interval), the sticker endpoint x, y coordinates were measured, recorded, and
entered directly into a file on a laptop computer by 2-3 investigators. Finally, the stickers were
removed from the target area between trial blocks and the process repeated for the next trial
block.
The overhand throwing task was executed identically in all trial blocks and always
conducted while wearing a small, tightly fitting backpack with the tDCS device placed inside.
Importantly, the tDCS device was only turned on during the practice blocks (Figure 1), but was
not on during the test-blocks thought the inert electrode montage remained on the head of the
participant. The configuration of the backpack, stimulator, and associated tDCS electrode
montage did not restrict task performance [11]. Thus, overhand throws were always conducted in
the same experimental conditions and in an unconstrained manner in 3-dimensional space. Taken
together, the overhand throwing task, small target size, and long throwing distance were all task
details that were specifically selected within the laboratory space limits to assure that the motor
task would represent a very difficult motor skill.
2.6 Data analysis
The primary dependent measure of interest was the endpoint error, whereas the secondary
dependent measure of interest was the MEP amplitude. The dependent measures of age, laterality
quotient, and 1 mV MEP intensity were also quantified as and viewed as control measures. The
endpoint error was quantified in the same manner as in previous studies [11, 44-46]. The
Pythagorean Theorem was utilized to determine the shortest absolute distance between the x, y
coordinates of the target center and the final endpoint x, y coordinates of the ball (Figure 1B).
For a detailed description of endpoint error calculation, see Poston et al. (2013) [47]. The ball’s
endpoint coordinates were entered into a custom-written program in Microsoft Excel, which

76

calculated the endpoint error for each trial. The average endpoint error of the 10 overhand
throwing trials performed in each trial was taken as the final endpoint error value for analysis.
MEP data were analyzed offline using a customized script written in Signal software (Cambridge
Electronic Design, Cambridge, UK). The MEP size was calculated as the peak-to-peak amplitude
for each MEP and the average of the 25 MEPS in each TMS test block was taken for analysis.
For the control measures, the average age and laterality quotient was calculated for each group,
whereas the average 1 mV MEP intensity for each subject across the three days was calculated
and then these values were averaged for the two groups.
2.7 Statistical analysis
Endpoint error was analyzed using a methodology mainly similar to the three day c-tDCS
study by Cantarero et al. (2015) [12], but also similar to our previous our single and multiple day
studies [11, 44, 45]. The endpoint error analysis proceeded in three steps: 1) endpoint error
obtained from only the test blocks was analyzed with a 2 Group (c-tDCS, SHAM) × 3 Day (1, 2,
3) × 2 Test (Pre-test, Post-test) three-way mixed ANOVA. This analysis was done using
endpoint error data from the test blocks as stimulation was not applied during these blocks. This
also allowed for the results to be able to be compared to the results of Cantarero et al. (2015)
[12]; 2) all endpoint error from each day (test blocks and practice blocks) was analyzed with a
two-way mixed ANOVA: 2 Group (c-tDCS, SHAM) × 3 Day (1, 2, 3). Thus, this second
analysis used the average endpoint error value of all 7 blocks combined (2 test and 5 practice
blocks) performed for each day. This was done to complement the first analysis because pilot
data, a previous single day study [11], and the current study all had many individual participant
instances where performance in the test block could differ rather substantially from some of the
practice blocks. Thus, this analysis could, at least potentially, better represent the overall average
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performance for each day; 3) the online, offline, and total learning effects were compared
between the two groups using unpaired two-tailed t-tests.
The MEP amplitude data was analyzed with a three-way mixed ANOVA: 2 Group (ctDCS, SHAM) × 3 Day (1, 2, 3) × 2 Test (Pre-test, Post-test). In addition, bivariate linear
regression analyses were used to examine the association between the change in MEP amplitudes
between the TMS pre-tests and post-tests and the change in endpoint error (endpoint accuracy)
between overhand throwing the pre-test and post-test blocks for the two groups. These
correlations were repeated for each of the three days. For the control measures, the age, laterality
quotient, and 1 mV MEP intensity differences between groups were analyzed with separate
unpaired two-tailed t-tests. For all the ANOVAs described above, post hoc comparisons using
Bonferroni adjustment for multiple comparisons were performed when appropriate to locate
where significant differences occurred between pairs of means. The significance level was set at
α < 0.05 for all above analyses and data are depicted as means ± standard errors in the figures.
3. Results
3.1. Endpoint error
Motor learning differences between groups was compared across practice days and test
blocks with a 2 Group (c-tDCS, SHAM) × 3 Day (1, 2, 3) × 2 Test (Pre-test, Post-test) ANOVA
and are depicted in Figure 2a. There was a significant Day × Test interaction (P = 0.050, η2 =
0.102) and post hoc analyses of the interaction indicated that endpoint error when collapsed
across Group was significantly lower in in the post-test compared to the pre-test on Day 1 (P <
0.001) and Day 3 (P = 0.002), but not Day 2 (P = 0.491). There was also a significant main
effect for Day (P = 0.02, η2 = 0.131) and post hoc analysis indicated that endpoint error when
collapsed across Group and Test was lower on Day 3 compared to Day 1 (P = 0.048). However,
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the differences between Day 2 and Day 3 along with the differences between Day 1 and Day 2
were non-statistically significant (P = 0.433 and P = 0.35, respectively). There was also a
significant main effect for Test (P < 0.001, η2 = 0.45), which indicated that endpoint error was
lower in the post-tests compared to the pre-tests. The main effect for Group (P = 0.332, η2 =
0.034), Group × Test interaction (P = 0.404, η2 = 0.025), Group × Day interaction (P = 0.359, η2
= 0.036), and Group × Day × Test interaction (P = 0.268, η2 = 0.046) were all non-statistically
significant.

Figure 6. Endpoint error in the overhand throwing task averaged over all 7 daily trial blocks for the c-tDCS and
SHAM groups. (a) Endpoint error declined across the test blocks for the three days of practice (P = 0.02), but the
decline was similar for the c-tDCS and SHAM groups (P = 0.332); (b) Endpoint error was similar for the two groups
(P = 0.381) and across the three days (P = 0.507); (c) The online (P = 0.325), offline (P = 0.188), and total learning
(P = 0.843) were similar for the c-tDCS and the SHAM groups.
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Motor learning differences between groups was also compared across practice days using
average endpoint error data collapsed across all the practice and test blocks with a 2 Group (ctDCS, SHAM) × 3 Day (1, 2, 3) mixed ANOVA. The analysis revealed that the Group × Day
interaction (P = 0.773, η2 = 0.009; Figure 2b), the main effect for Day (P = 0.507, η2 = 0.024),
and the main effect for Group (P = 0.381, η2 = 0.028) were all non-statistically significant.
To determine differences between groups on online, offline, and total motor learning, a
series of separate unpaired two-tailed t-tests were used to compare online, offline, and total
learning effects between groups. The analyses revealed that the online (P = 0.404), offline (P =
0.353), and total learning effect (P = 0.818) were all non-statistically significant between the ctDCS and SHAM groups (Figure 2c).
3.2 MEP amplitude
MEP amplitude differences were compared between groups across practice days and test
blocks with a 2 Group (tDCS, SHAM) × 3 Day (1, 2, 3) × 2 Test (Pre-test, Post-test) ANOVA.
There was a significant main effect for Test (P < 0.011, η2 = 0.211, Figure 3), which indicated
that when collapsed across group that MEP amplitude was higher in the post-tests compared to
the pre-tests. However, the main effect for Group (P = 0.677, η2 = 0.006), main effect for Day (P
= 0.479, η2 = 0.026), Group × Test interaction (P = 0.835, η2 = 0.002), Group × Day interaction
(P = 0.629, η2 = 0.016), Test × Day interaction (P = 0.213, η2 = 0.054), and Group × Day × Test
interaction (P = 0.192, η2 = 0.057) were all non-statistically significant.
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Figure 7. MEP amplitude in the TMS pre-tests and post-tests for the three days in the c-tDCS and SHAM groups.
MEP amplitude was significantly increased on all three days, but the increase was not statistically significant
between the c-tDCS and the SHAM groups.

3.3 Associations between increases in MEPs and increases in endpoint accuracy
Separate bivariate linear regressions were performed for each day and only using
participants who that displayed an increase in both MEP amplitude and endpoint accuracy were
included in the analyses. The analyses revealed that the associations between the change in MEP
amplitudes between the TMS pre-tests and post-tests and the change in endpoint error (endpoint
accuracy) between overhand throwing the pre-test and post-test blocks for the two groups were
all non-statistically significant (P value range: 0.087 – 0.758) and characterized by very low r2
values (range: 0.026 – 0.72) as indicated in Figure 4A-C.
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Figure 8. Associations between increases in MEP amplitude and increases in endpoint accuracy. (a, b, c). The
absolute change (increase) in endpoint accuracy (decrease in endpoint error) was not associated with the absolute
change (increase) in MEP amplitude for the participants in either group that displayed both increases in endpoint
accuracy and MEP amplitude.

3.4 Control measures
Separate unpaired t-tests revealed that differences between groups for age (P = 1.00),
laterality quotient (P = 0.602), and the 1 mV MEP intensity (P = 0.754) were all non-statistically
significant.
4. Discussion
The primary purpose was to determine the influence of c-tDCS applied over multiple
days on motor learning in a complex overhand throwing task in young adults. The secondary
purpose was to determine if c-tDCS could increase M1 excitability and if any potential increases
in cortical excitability would be positively correlated with the amount of motor learning induced
by c-tDCS. There were three main findings: 1) overhand throwing accuracy improved over the 3
days of practice, but the magnitude of reduction in endpoint error achieved at the end of practice
was not significantly different between the c-tDCS and SHAM stimulation groups; 2) the relative
influences of online and offline learning to the total motor learning was also similar between the
two groups; and 3) M1 excitability was increased for both the c-tDCS and SHAM groups, but the
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increases in M1 excitability were similar for the two groups; and 4) increases in endpoint
accuracy were not associated with increases in MEP amplitude even when comparisons were
restricted to participants in either group that displayed both increases in endpoint accuracy and
MEP amplitude. Collectively, these results indicate that three consecutive daily applications of ctDCS does not improve motor learning in a very complex motor task in young adults or
significantly increase M1 excitability to a greater degree than practice alone.
4.1. Effects of c-tDCS on motor learning
Motor learning is defined as a relatively permanent improvement in motor performance
due to practice. The physiological mechanisms and adaptations underlying the motor learning
process are complex and occur in numerous brain regions [48, 49], over different time scales [48,
50], and vary depending on the details of the motor task [51]. Nonetheless, classic research over
many years has shown that M1 and the cerebellum are brain areas that play the predominate roles
in motor skill learning [49, 51]. Accordingly, this is one major reason that non-invasive brain
stimulation methods such as tDCS have targeted these brain areas the most frequently when
attempting to enhance motor performance [1, 2, 4]. However, the preponderance of these studies
have investigated relatively simple motor tasks (see tables in these reviews [1, 2]) that were
novel to the participant.
The present study was the first to investigate the influence of c-tDCS on motor learning
over multiple days in a complex motor task involving whole body coordination with strict
endpoint accuracy requirements. The originally hypotheses were that the c-tDCS group would
exhibit significantly greater motor learning at the end of the three days of practice compared to
the SHAM group. Furthermore, it was expected that most of the improvements in total motor
learning in the c-tDCS group would be realized through online effects while offline effects
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would play a much smaller role. Contrary to this set of predictions, the reductions in endpoint
error across the three practice sessions were nearly identical for the c-tDCS and SHAM groups.
In fact, all aspects of the entire performance curve were comparable as the between group
differences were only 1.6 cm in the pre-test on Day 1 (baseline), modulated similarly across the
three days, and only 2.4 cm different in the post-test on Day 3 (Figure 2A). Accordingly, there
were also no differences between groups in the relative contributions of online and offline
learning to the total motor learning (Figure 2C).
The findings of the current study are not consistent with the findings of the majority of
the initial previous single session c-tDCS studies by other research groups [6-10], although most
of these studies used adaptation learning paradigms. Most notably, the results are also in contrast
to an earlier single session study performed in our lab [11] that used the same overhand throwing
task and a very similar experimental paradigm. In that study, the decline in endpoint error was
greater for the c-tDCS group compared with the SHAM group at the end of the practice session
and this difference was maintained in a retention test completed a day later. The present
outcomes are also in contrast to the one available three day c-tDCS and motor skill study [12],
where extremely large enhancements in motor skill were observed for the c-tDCS group
compared to the SHAM group in the SVIPT. This is the most comparable study as we
intentionally chose to have three practices sessions, use the same c-tDCS parameters, and
employ similar statistical analysis, but with the overhand throwing task as opposed to the SVIPT
to simultaneously try to extend our previous single session overhand throwing c-tDCS study
[11]. Other than the obvious possible differences due to the motor task utilized, the reasons for
these disparate findings between the two studies are not clear.
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However, the present results are similar to a series of more recent studies performed in a
range of contexts, which have found little to no positive effects of c-tDCS on motor performance
[3]. Interestingly, two separate research groups each failed to replicate a previous c-tDCS study
performed either in the same lab [52, 53] or by some of the same researchers [8, 54]. This was
despite the motor tasks being quite different as one set of studies involved conditioned eyeblink
responses and the other set involved arm reaching movements with a pen held in the hand.
Similarly, the current study also fails to replicate most, but not all, aspects of our prior single
session c-tDCS study using the same motor task, which showed improved throwing scores at the
end of practice on Day 1 and in a retention test the next day. Thus, the overall results of the
current study and that previous study are not compatible. Howeer, in the current study on Day 1,
the endpoint error was substantially lower in the post-test block in the c-tDCS group just as in
Day 1 of the previous study. However, the lack of a group by day interaction precluded this from
being evaluated statistically in the current study. Furthermore, although comparison of those two
data points looks similar to the previous study, a close examination of the performance curves
reveals other differences. The current study did not have adjacent practice blocks before the posttest or the post-test on Day 2 with endpoint errors that were substantially lower for the c-tDCS
group as in the previous study. Thus, it is even more impossible to say that the post-test
performance on Day 1 was due to c-tDCS as opposed to random variation in the data. Therefore,
it appears that the current results represent a third set of c-tDCS studies in the literature
performed by the same research groups that could not replicate their own previous results. In
addition, other recent studies have reported that c-tDCS failed to enhance performance in a
whole-body balance task [55] and an adaptation task involving joystick movement with the hand
and wrist [56]. Taken together, these results provide support to the current findings and strongly
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suggest that c-tDCS effects on motor performance may not be as strong or consistent as initial
studies indicated.
4.2. Effects of c-tDCS M1 excitability
The application of anodal tDCS to M1 usually results in both increases in motor skill and
in M1 excitability as measured by MEPS evoked by TMS. Furthermore, the increases in motor
skill and MEPS were shown to positively correlated in some initial studies [41, 42]. Therefore, it
was initially assumed that the increases in M1 excitability were at least partially responsible for
the improvements in motor skill. Accordingly, a handful of c-tDCS studies have measured
changes in MEPS obtained from M1 following c-tDCS, ostensibly with the rationale that c-tDCS
mediated increases in M1 excitability could also be mechanism underlying motor skill
improvements with c-tDCS. However, a review and meta-analysis of previous studies on the
topic found mixed results with increases, decreases, and no change in M1 excitability all being
reported [18]. Therefore, the secondary purpose of the current study was to see if increases in M1
excitability occurred due to c-tDCS would they be positively associated with improvements in
endpoint accuracy.
The major finding was that MEP amplitude was significantly increased in both the
SHAM and c-tDCS from the pre-tests to the post-tests when the results were averaged across the
three days (Figure 3). Thus, the significant MEP increase in the SHAM group was unexpected,
but small increases in MEP are typically observed in most M1-TDCS studies SHAM [57]. Thus,
this type of result is not a rare occurrence when measuring MEPs in tDCS studies. However, the
absolute increases were very small for both groups (13.9 - 15.5%) and only approximately 40%
of subjects in each group displayed an increase in MEPs on a given day. This magnitude of
increase is well below the range of MEP increases (~20 - 50%) typically observed in M1-tDCS
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studies [37, 57, 58]. In addition, another recent study in our lab (manuscript in submission),
using the exact same experimental paradigm but employing M1-tDCS, found significant MEP
increases of 47% in the M1-tDCS group and only a non-significant 5% increase in the SHAM
group. Based on these collective lines of reasoning, the daily increases in MEP were most likely
due to the large inherent variability involved in MEP measurements and random variation in
these MEP data [57], which are issues that have been described and analyzed before (see [37, 58]
for reviews). However, the possible contributions of small c-tDCS or placebo effects cannot be
completely ruled out. Furthermore, the lack of significant positive associations in MEP
amplitude changes and endpoint accuracy changes and very small r2 values [Figure 4A-C]
indicate that MEP values had little functional significance to motor learning. The complete
absence of significant positive associations between changes in MEPS obtained from M1 and
changes in endpoint accuracy is consistent with an extremely comprehensive study found that
MEP increases elicited by M1-tDCS were not associated with the amount of motor learning
achieved by subjects across a range of motor tasks [40].
4.3. Possible reasons for the failure of c-tDCS to improve overhand throwing
accuracy
The lack of statistically significant results of the current study, the failure of c-tDCS
replication studies, and other recent negative studies suggest that it should not be presumed that
application of c-tDCS almost always elicits improvements in motor skill in young adults.
Nonetheless, there are a few possible factors that could have been responsible for the lack of an
ability of c-tDCS to enhance motor learning in the present study. First, it could be argued that the
c-tDCS parameters were suboptimal. This view is supported by the fact that various
combinations of electrode montage, polarity, current strength, timing relative to task
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performance, and stimulation duration have also shown efficacy in some studies [5]. Although
the issue of other optimal stimulation parameters cannot be ruled out, this possibility is unlikely
as the current c-tDCS parameters were selected specifically because they had the highest number
of total positive study outcomes relative to other possibilities [6-12]. Most importantly, the
identical parameters were successful in improving the same overhand throwing task in our
laboratory even with a one time application [11]. Second, it is conceivablethe group of
participants randomly assigned to the c-tDCS group may have contained a relatively high
number of non-responders as some studies have shown that a moderate number of people may
non-responders to tDCS. However, it should be pointed out that these studies defined nonresponders based solely on TMS cortical excitability measures taken from M1 (resting motor
threshold, 1 mV MEP) in response to tDCS and did not measure motor performance at all.
Accordingly, the most comprehensive study on the topic found that MEP increases elicited by
M1-tDCS were not associated with the amount of motor learning achieved by subjects across a
range of motor tasks [40]. Thus, no direct studies have been done in an attempt between
responders and non-responders to c-tDCS based on a combination of TMS related and motor
learning outcomes, which renders this explanation plausible but extremely speculative.
Nevertheless, there could be variations across individuals in the amount of current delivered to
cerebellar neurons due to dissimilarities in many physiological, biological, and anatomical
factors. For example, differences in the nerve fiber orientation is thought to be one major factor
responsible for the effective amount of current reaching cerebellar neurons [3, 59]. These
possibilities will have to be examined in subsequent studies that combine behavioral and several
physiological measures. Finally, a combination of the above factors could be responsible for the
lack of c-tDCS effects on motor learning in the current study.
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Although the above factors could potentially have contributed to the current findings,
other possible factors such as the baseline skill level, age of the participants, TMS stimulation
intensity to evoke a 1 mV MEP [60], and degree of right-handedness do not apply to the current
findings as these factors were almost exactly the same between groups. Furthermore, other
common criticisms of tDCS studies that observe negative effects such as only one day of
stimulation or the use of a motor task that is not amenable to tDCS or training are also not
relevant because the current study involved three days of stimulation using the same motor task
that was improved with c-tDCS our single day study [11]. Collectively, these lines of reasoning
imply that present study design should have been able to find performance enhancements
induced by c-tDCS if they were to exist.
4.3. Conclusions
In summary, participants were able to progressively decrease endpoint error across the
three consecutive days of practice, but these improvements in endpoint accuracy were similar
between the c-tDCS and SHAM stimulation groups. Therefore, c-tDCS failed to improve motor
learning in this complex motor task to a greater degree than practice alone in the experimental
conditions employed in the current study. In addition, c-tDCS did not significantly increase M1
excitability to a greater extent than SHAM stimulation and increases in M1 excitability when
they occurred were not positively associated with improvements in endpoint accuracy. When
these results are considered in the context of the overall c-tDCS and motor skill literature, they
are consistent with recent replication studies [52, 53] that have suggested that the effects of ctDCS may not be as robust as initial studies indicated [8, 54]. Therefore, future studies are
needed to fully determine the efficacy of c-tDCS for potentially enhancing motor skill
acquisition and learning. Long-term studies involving concurrent behavioral and physiological
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measurements utilizing different parameters of c-tDCS are particularly needed. Finally,
interindividual differences in the motor performance responses elicited by c-tDCS and the
physiological mechanism underlying these will be especially important, but challenging issues
that should be addressed in future work.
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Significance of the Chapter
In the previous chapter, the primary purpose was to determine the influence of c-tDCS
applied over multiple days on motor learning in a complex overhand throwing task in young
adults. The hypothesis was that c-tDCS application over multiple days would enhance accuracy
in a complex overhand throwing task in young adults to a greater degree than practice alone
(SHAM stimulation). However, contrary to this hypothesis, c-tDCS failed to improve motor
performance in the overhand throwing tasks as the reduction in endpoint error over practice was
similar for the c-tDCS and SHAM group. This finding contrasts with the results of Chapter 2,
where M1-tDCS significantly enhanced motor learning in the same motor task. Therefore, the
secondary purpose was to determine if c-tDCS could enhance M1 excitability and if any of the
excitability enhancements would be positively correlated with the amount of motor learning
displayed by the c-tDCS group. The results demonstrated the c-tDCS led to small enhancements
in M1 excitability, but similar to Chapter 1; these increases were not positively associated with
the degree of motor learning experienced by the c-tDCS group. In addition to M1-tDCS and ctDCS, the third most targeted brain region in tDCS studies seems to be the DLPFC. However, all
of the available studies on the motor system have involved single-day stimulation studies
investigating simple motor tasks in novice performers. Therefore, the primary purpose of this
chapter was to determine the influence of DLPFC-tDCS applied over multiple days on motor
learning in 10-meter air rifle shooting performance in elite Deaflympic athletes. Due to the
difficulty of recruiting elite performers (athletes) for research studies, this study was a case series
(4 participants) that utilized a randomized, double-blind, SHAM-controlled, within-subjects,
cross-over design.
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Abstract
Transcranial direct current stimulation (tDCS) has been shown to improve motor learning
in numerous studies. However, only a few of these studies have been conducted on elite level
performers or in complex motor tasks that have been practiced extensively. The purpose was to
determine the influence of tDCS applied to the dorsolateral prefrontal cortex (DLPFC) on motor
learning over multiple days on 10-meter air rifle shooting performance in elite Deaflympic
athletes. Two male and two female elite Deaflympic athletes (World, European, and National
medalists) participated in this case series. The study utilized a randomized, double-blind,
SHAM-controlled, cross-over design. Anodal tDCS or SHAM stimulation was applied to the left
DLPFC for 25 minutes with a current strength of 2 mA concurrent with 3 days of standard shooting practice sessions. Shooting performance was quantified as the points and the endpoint error.
Separate 2 Condition (DLPFC-tDCS, SHAM) x 3 Day (1,2,3) within-subjects ANOVAs revealed
no significant main effects or interactions for either points or endpoint error. These results
indicate that DLPFC-tDCS applied over multiple days does not improve shooting performance in
elite athletes. Different stimulation parameters or very long-term (weeks/months) application of
tDCS may be needed to improve motor learning in elite athletes.
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1. Introduction
Transcranial direct current stimulation (tDCS) is a non-invasive brain stimulation method
that has been shown to improve motor skill and learning in numerous studies [1]. The vast
majority of these studies have targeted the primary motor cortex (M1) with tDCS [1-3].
However, tDCS of other brain areas such as the cerebellum [4-9], dorsolateral prefrontal cortex
(DLPFC) [10-15], and supplementary motor area (SMA) [16, 17] has also led to enhanced motor
performance. The most common finding is that a 10 to 20-minute tDCS application given
simultaneously with motor practice improves motor skill by approximately 10% during and
immediately after practice [1]. Furthermore, several studies involving either M1-tDCS [18, 19]
or cerebellar tDCS [5] applied over 3-5 consecutive days have shown that the total amount of
motor learning experienced by subjects can be increased by 20-30% compared to SHAM
stimulation, although the number of multi-day studies is small in comparison to single day
studies.
Despite the aforementioned promising findings, these studies have had several
interrelated limitations that makes it difficult to determine the degree of viability of tDCS as an
adjunct intervention to improve motor skill and learning in real world applications such as in
sport, military, and workplace settings. First, the motor tasks practiced were relatively simple
and usually involved either one to four digits of the hand, a single joint or limb, isometric
contractions, or some combination of these conditions. Second, the tasks were often novel
laboratory tasks that the participants had likely never done before in everyday life. Third, the
participants were usually novice performers of the motor task. A very small number of tDCS
studies in novices have at least examined more complex multi-joint movements using a rather
wide variety of stimulation parameters, but have reported mixed findings [4, 14, 20-23]. Thus,
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complex multi-joint tasks that have been extensively practiced have rarely been investigated in
tDCS studies involving motor learning, especially in elite performers or athletes.
The purpose was to determine the effects of DLPFC-tDCS on motor learning over
multiple days on 10-meter air rifle shooting performance in elite Deaflympic athletes. This was
accomplished by having participants complete a set of practice sessions in a DLPFC-tDCS
condition and a SHAM condition in a crossover design with a week washout period. Based on
previous single session DLPFC-tDCS studies that involved relatively simple motor tasks in
healthy young adults [10, 11, 15] and studies in relatively novice shooters [12, 13], it was
hypothesized that DLPFC-tDCS would enhance shooting performance to a greater degree
compared to practice alone (SHAM stimulation). Specifically, it was expected that shooting
performance would progressively improve over the 3 days of DLPFC-tDCS application, whereas
shooting performance would remain relatively constant over the course of the 3 days of SHAM
stimulation. Finally, it was predicted that shooting performance would remain higher for at least
one practice day following the end of the stimulation sessions for the DLPFC-tDCS condition
compared to the SHAM condition.
2. Methods
2.1. Participants
A total of 4 elite Deaflympic 10-meter air rifle athletes (2 female, 2 men) volunteered to
participate in the study and provided informed written consent. All subjects were right-handed
and right-handed shooters. The study was approved by the ethical committee of the institutional
ethics committee from the Faculty of Sport and Physical Education, University of Novi Sad,
Serbia (protocol number: 1/2021) and was conducted in accordance with the Declaration of
Helsinki. All of the participants had underwent extensive multi-year training and had substantial

104

competitive shooting experience including being medialists at the National, European, and
World Championships levels (see below).
•

ID 1 - 37-year-old female with 14 years of training experience. She won the gold

medal in the 10-meter air rifle at the 2014 European Deaf Shooting Championships.
•

ID 2 - 42-year-old female with 18 years of training experience. She won bronze

medals at the 2009 & 2013 – Deafolympics, 2015 - European Deaf Shooting Championships (2x
bronze medals & 2x silver medals), a silver medal at the 2016 World Deaf Shooting
Championships, and a silver medal in the mixed 10-meter air rifle at the 2019 European Deaf
Shooting Championships.
•

ID 3 - 26-year-old man with 12 years of training experience. He won the silver

medal in the 10-meter air rifle in the 2019 International Competitions “Istvan Poljanac”.
•

ID 4 - 23-year-old man with 12 years of training experience. He won the silver

medal in the mixed 10-meter air rifle at the 2019 European Deaf Shooting Championships.
2.2. Experimental Design
The study was a case series that utilized a randomized, double-blind, SHAM-controlled,
within-subjects, cross-over design. A schematic of the overall experimental design and schedule
is depicted in Fig. 1. The 4 participants each took part in a total of 6 practice sessions consisting
of 3 consecutive days of DLPFC-tDCS and 3 consecutive days of SHAM stimulation with a
week washout period between the two series of practice sessions. All practice sessions were
performed at the same training facility in which the athletes performed their normal training
regiment. The order of the experimental conditions was randomized. The randomization
sequence was generated for the 4 participants by a computer (http://www.randomization.com/)
using random balanced permutations. Thus, 2 participants performed the DLPFC-tDCS condition
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first and the SHAM condition second, whereas the other 2 participants performed the series of
practice sessions in the opposite order. An investigator who did not participate in data collection
or data analysis programmed the stimulator in each session. Therefore, the investigators who
collected and analyzed data were blinded to the experimental conditions.

Figure 9. Experimental design. A schematic representation of the experimental protocol for a single practice session
for each of the two conditions (DLPFC-tDCS, SHAM) is depicted for illustrative purposes, although 3 consecutive
days of the identical protocol was performed in each condition. A week washout period between the two 3-Day
series of practice sessions was implemented after which the participants crossed over to the opposite condition.

2.3 DLPFC-tDCS
A Caputron tDCS Stimulator was placed in a small, tight-fitting backpack so that
shooting performance was not restricted. The location of DLPFC was determined using the
methodology of the Beam F3 system [24]. Briefly, the investigators took head measurements
with a measuring tape: 1) tragus-tragus, 2) nasion-inion, and 3) the head circumference. The
values were entered in the free software program www.clinicalresearcher.org. The program then
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calculated the x, y coordinates for the F3 location (according to the international 10-20 system)
of DLPFC for each participant. Anodal DLPFC-tDCS was delivered using previously determined
effective parameters for improving fine and gross motor performance (duration 25 min; current 2
mA; anode over left DLPFC; cathode over the contralateral supra-orbital region) [10, 11, 15, 2527]. Thus, the stimulation was applied to the DLPFC of the dominant hemisphere-arm system as
all subjects were right-handed. The current was delivered through two rubber electrodes (5x5
cm) enclosed in saline-soaked sponges that were held in place with a pair of rubber straps. For
SHAM, the current was ramped up and down over 30 s according to standard procedures for
SHAM stimulation in tDCS studies [28]. The left DLPFC was targeted with anodal tDCS for
several interrelated reasons: 1) several studies have shown that left DLPFC-tDCS can improve
fine motor [10, 11, 15] and gross motor performance [25-27]; 2) methodologies have been
determined using simple measuring equipment for the accurate placement of the tDCS electrodes
for DLPFC [24] without the need for expensive equipment that was unavailable at the athlete’s
training facility. For instance, the need to use transcranial magnetic stimulation (TMS) to find the
motor hot spot for M1-tDCS; and 3) the left DLPFC has ipsilateral connections to several brain
regions including premotor cortex, basal ganglia, cerebellum, and SMA [29], which likely
partially explains its role in motor planning and motor learning processes [29, 30] and its indirect
influence on M1 [29].
2.4 Practice sessions
The air rifle shooting task was executed by Deaflympic event rules (International
Shooting Sport Federation Rules and Regulations) in which the athletes try to hit a stationary
electronic target from a distance of 10 meters. The diameter of the center of the 10-ring target
was 0.5 mm. Each practice session consisted of a pre-test block, 3 practice blocks, and 3 post-test
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blocks (Fig.1). First, participants performed the pre-test block (10 trials) without stimulation, but
with the inert tDCS montage placed on the head to mimic the same conditions as the
practice/stimulation blocks. Second, after a five-minute break, subjects received DLPFC-tDCS
or SHAM stimulation while performing 3 blocks (practice blocks) of shooting trials over a
maximum period of 25 minutes in the same manner in which they train/compete. Next, another
five-minute break was undertaken. Third, participants performed an additional 3 blocks (post-test
blocks). These blocks were also performed without stimulation, but with the now inert DLPFCtDCS montage still on the head. On all trials, the participants used visual feedback of the
projectile endpoint relative to the electronic target center after each trial using the SIUS SA951
(SIUS AG, Switzerland) software and hardware system to facilitate the goal of minimizing error
distance on subsequent attempts.
Rifle shooting was selected as the motor task for the following reasons: 1) rifle shooting
is a real-world, difficult motor task that involves visuo-motor integration, coordination of both
limbs, and appropriate postural muscle activation; 2) the availability and willingness of this
group of Deaflympic athletes and their coaches to participate in the study during their normal
training routine; and 3) pistol shooting performance was able to be enhanced in a previous
DLPFC-tDCS studies in novices, although somewhat different stimulation parameters were used
[12, 13].
2.5 Data analysis
The dependent variables were the points and the endpoint error. The points were
calculated for each trial block according to the scoring system used in training and competition
by the athletes. Accordingly, points were awarded on a 0 to 10.9-point scale based on the
distance of the endpoint of each shot from the center of the target for each trial. Thus, the highest
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possible score in a block of trials was 109 total points (10 trials x 10.9 points). The average
points scored in the 10 shooting trials in each block was taken as the points scored and used for
analysis. Endpoint error was calculated according to previous studies [4, 21, 31]. Briefly, the
shortest distance between the final endpoint x, y coordinates of each shot relative to the x, y
coordinates of the center of the target was calculated for each block using the Pythagorean
Theorem. For an in-depth description of the steps involved in quantifying endpoint error, see
Poston et al. (2013) [32]. The average endpoint error of the 10 shooting trials in each block was
taken as the endpoint error value and used for analysis.
2.6 Statistical analysis
The dependent variables of points and endpoint error were analyzed with separate 2
Condition (DLPFC-tDCS, SHAM) x 3 Day (1,2,3) within-subjects ANOVAs.
3. Results
3.1. Group level observations
For points, the Condition main effect (P = 0.333), Day main effect (P = 0.478), and
Condition x Day interaction (P = 0.338) were all non-statistically significant. Similarly, the
Condition main effect (P = 0.814), Day main effect (P = 0.841), and Condition x Day interaction
(P = 0.219) were all non-statistically significant for endpoint error.
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Figure 10. Points and endpoint error in the rifle shooting task in the pre-test, practice, and post-test blocks
over 3 consecutive days for the DLPFC-tDCS and SHAM conditions. Each point represents the average of a block
of 10 rifle shooting trials.

3.2. Individual data
Due to the limitations of using statistical tests yielding P values for case series data, the
points and endpoint error (daily averages of all trial blocks) of each participant for each practice
day is presented for the DLPFC-tDCS and SHAM conditions in Table 1. For Table 2, the total
points and total endpoint error (3-Day grand averages) for the DLPFC-tDCS and SHAM
conditions is presented.

110

Table 1. Points and endpoint error for each practice day in the DLPFC-tDCS and SHAM
conditions.

Points

Endpoint Error (mm)

tDCS
Subject

Day 1

Day 2

SHAM
Day 3

Day 1

Day 2

tDCS

SHAM

Day

Day

Day

Day

Day

Day

1

2

3

1

2

3

Day 3

ID 1

699.7

711.7

710.8

710.2

703.2

710.6

6.33

5.13

5.23

5.28

5.98

5.24

ID 2

701.6

705.7

705.1

707.4

704.4

705.6

6.14

5.73

5.79

5.55

5.86

5.37

ID 3

685

680.6

672.2

683.4

684.4

681

7.8

8.05

8.55

7.96

7.9

8.28

ID 4

712.7

719.2

717.9

714.1

713.3

713.5

5.03

4.38

4.51

4.88

4.97

5.01

Average

699.8

704.3

701.5

703.8

701.3

702.7

6.3

5.8

6.0

5.9

6.2

6.0

Table 2. 3-Day total points and total endpoint error along with the SD, CV, and
confidence intervals for DLPFC-tDCS and SHAM conditions.
Total Points
Confidence interval
Subject

Total Endpoint Error (mm)
Confidence interval

Condition

mean

SD

CV

LL 95%

HL 95%

mean

SD

CV

LL 95%

HL 95%

tDCS

707.4

6.7

0.9

690.8

724.0

5.6

0.7

12

3.9

7.2

SHAM

708.0

4.2

0.6

697.7

718.3

5.5

0.4

7.6

4.5

6.5

tDCS

704.1

2.2

0.3

698.6

709.6

5.9

0.2

3.8

5.3

6.4

SHAM

705.8

1.5

0.2

702.0

709.6

5.6

0.2

4.4

5

6.2

tDCS

679.3

6.5

1

663.1

695.4

8.1

0.4

4.7

7.2

9.1

SHAM

682.9

1.7

0.3

678.6

687.3

8

0.2

6.8

7.5

8.6

tDCS

716.6

3.4

0.5

708.1

725.1

4.6

0.3

7.4

3.8

5.5

SHAM

713.6

0.4

0.1

712.6

714.7

5

0.1

1.3

4.8

5.1

ID 1

ID 2

ID 3

ID 4
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•

ID 1 scored more points in the DLPFC-tDCS condition on Days 2 and 3.

However, the 3-Day total points score was slightly higher in the SHAM condition (708 vs. 707.4
points). Similarly, the total endpoint error was lower during the DLPFC-tDCS condition on Days
2 and 3. However, the total endpoint error was lower in the SHAM condition (5.5 vs. 5.6 mm).
•

ID 2 scored more points in the SHAM condition on Days 1 and 3. Also, the 3-Day

total points score was slightly higher in the SHAM condition (705.8 vs. 704.1 points). Similarly,
the total endpoint error was lower during the SHAM condition on Days 1 and 3. However, the
total endpoint error was lower in the SHAM condition (5.6 vs. 5.9 mm).
•

ID 3 scored more points in the SHAM condition on Days 2 and 3. Moreover, the

3-Day total points score was slightly higher in the SHAM condition (682.9 vs. 679.3 points).
Similarly, the total endpoint error was lower during the SHAM condition on Days 2 and 3.
However, the total endpoint error was lower in the SHAM condition (8 vs. 8.1 mm).
•

ID 4 scored more points in the DLPFC-tDCS condition on Days 2 and 3. In

addition, the 3-Day total points score was slightly higher in the DLPFC-tDCS condition (716.6
vs. 713.6 points). Similarly, the total endpoint error was lower during the DLPFC-tDCS
condition on Days 2 and 3. However, the total endpoint error was lower in the DLPFC-tDCS
condition (4.6 vs. 5 mm).
4. Discussion
The purpose was to determine the effects of DLPFC-tDCS on motor learning over
multiple days on 10-meter air rifle shooting performance in elite Deaflympic athletes. There
were three main findings. First, DLPFC-tDCS applied concurrently with practice over 3 practice
sessions did not improve total points or endpoint error relative to SHAM stimulation. Second,
total points and endpoint error were similar in the DLPFC-tDCS condition and the SHAM
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condition in the post-test blocks performed after stimulation on each of the 3 days. Third,
shooting performance remained relatively constant across all practice days and practice blocks in
both stimulation conditions and near the highest levels attained by these athletes in training and
competition. Taken together, the findings indicate that DLPFC-tDCS applied concurrent with
practice for 3 consecutive days does not improve shooting performance in elite athletes beyond
performance ceiling levels reached through extensive practice using traditional training
approaches.
4.1. Influence of DLPFC-tDCS on Motor Skill and Learning in Rifle Shooting
The majority of studies that have applied tDCS to M1 or the cerebellum in novices have
observed acute enhancements in motor skill when measured during and immediately after
stimulation [1, 4]. Although far fewer tDCS studies have targeted DLPFC, several have
demonstrated acute improvements in various fine motor skills [10, 11, 15]. Based on these
studies, it was originally hypothesized that DLPFC-tDCS applied concurrent with the practice
blocks would improve shooting accuracy compared to the SHAM condition. In addition, it was
predicted that shooting accuracy would be greater in the DLPFC-tDCS condition in the post-test
blocks, based on previous studies that had shown tDCS induced skill enhancements for about 3045 minutes after cessation of stimulation. Contrary to this hypotheses, shooting performance as
quantified by both points and endpoint error was almost identical between the DLPFC-tDCS and
SHAM conditions in both the practice/stimulation blocks and post-test blocks.
These findings differ from several previous single session DLPFC-tDCS studies that also
targeted left DLPFC with anodal tDCS in fine motor tasks. For instance, Grospretre et al. (2021)
reported that left DLPFC-tDCS enhanced performance in a Fitt’s type pointing task performed
with the right hand and arm [10], whereas Hsu et al. (2015) observed improved multi-tasking
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performance in a 3-D video game involving visuomotor tracking [11]. In addition, Jin et al.
(2019) [15] found that DLPFC-tDCS augmented force control in a bimanual isometric force
production task. The current findings are also in contrast to a series of studies that involved
anodal left DLPFC-tDCS and gross motor performance. Specifically, fatiguability as measured
either by the time to task failure or the number of repetitions performed, was enhanced in a lower
body cycle ergometer task [27], bicep curls [26], and the bench press exercise [25]. However, it
is difficult to determine how applicable these results are to the current results as the
neuromuscular mechanims underlying fine motor skills performed in a non-fatigued state are
much different to gross motor skills done to volitional fatigue.
The present findings also differ from motor skill studies that have applied tDCS to
DLPFC, but using alternative stimulation parameters. For example, an acute application of
cathodal tDCS of the left DLPFC improved golf putting performance in novice golfers [14].
Similarly, a one-time application of anodal tDCS applied to the right DLPFC augmented pistol
shooting performance in unskilled shooters [13]. In another single-session study involving pistol
shooting [12], a novel electrode montage was employed where the anode was placed over the
right cerebellum and the cathode over the left DLPFC, which would theoretically inhibit the left
DLPFC. The results indicated that this arrangement improved shooting accuracy in club level
shooters compared to SHAM stimulation. Nonetheless, it is difficult to reconcile the results of
this study with the current findings as it is likely that the improvement in performance could
have been at least partially mediated through the cerebellar stimulation and the shooters were
apparently not national or international level performers.
Despite the aforementioned disparate findings, the present results are in agreement with
Vancleef et al. (2016) who reported that anodal left DLPFC-tDCS applied for 4 consecutive days
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failed to improve performance in a complex, bimanual visuomotor tracking task that was novel
to the participants prior to the study [20]. Similarly, left DLPFC-tDCS did not enhance manual
dexterity task performance (grooved pegboard test), albeit in older adults [33]. Finally,
professional piano players underwent a single session of M1-tDCS in association with execution
of piano sequences [23] in one of the only tDCS studies that has investigated fine motor skill
acquisition in expert performers. The findings indicated that M1-tDCS did not improve
performance of the motor task compared to SHAM. However, the participants of that study were
individuals with focal hand dystonia, which may have precluded the ability of tDCS to improve
performance in a single session. Collectively, those results and the current findings suggest that
DLPFC-tDCS, and perhaps tDCS of other brain areas, may not be able to enhance motor
learning in complex or extensively practiced tasks, especially in elite performers.
4.2. Possible factors responsible for inability of DLPFC-tDCS to improve shooting
performance
The failure of DLPFC-tDCS to enhance rifle shooting performance in the current study is
not consistent with the majority of the tDCS literature, but could be due to several interrelated
factors. First, the most obvious explanation is that DLPFC-tDCS is simply not able to improve
motor performance in elite performers due to ceiling effects from investigating a motor task
practiced extensively over many years. Accordingly, the handful of tDCS studies that have
investigated complex motor tasks either involved tasks completely novel to the participants or
ones in which they had experience with in the past, but were not performing regularly at the time
of the study [4]. Second, the number of stimulation days may not have been sufficient to improve
shooting performance. Although 3-5 days of tDCS has elicited large performance increases in
simple motor tasks in young adults [5, 18, 19], it could be argued that as many as 9-40 days of
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tDCS could be needed to see an effect. Many studies in patient populations have utilized this
range of stimulaton sessions, but have reported mixed results [34-36]. Third, interindividual
differences in the responsiveness to DLPFC-tDCS could be at least partially responsible for the
lack of observable performance enhancements. Accumulating evidence suggests that variations
in several anatomical, biological, and physiological features (e.g. skull and cerebrospinal fluid
thickness as well as neuronal orientation and neurotransmitter levels) could influence tDCS
outcomes [37-39]. These factors could have collectively influenced the total amount and
distribution of current reaching the brain area of interest. Thus, it is possible that some of the
participants in the current study could have been non-responders to DLPFC-tDCS. In contrast,
several issues that are commonly cited in tDCS studies that fail to elicit performance
improvements are not applicable to the current study. For instance, the use of a within-subject
crossover design eliminated the major issue of possible genetic differences [38-40] that arise in
between-subject designs involving separate subject groups. The issues of time of day and
possible neurodegeneration of brain areas in advancing age [37] or motor disorders also do not
apply as all experiments were done at the same time of day and the participants were all healthy,
free of neurological disorders, and young or middle aged.
4.3. Limitations
The study had several limitations that should be acknowledged. The major limitation was
that this was a case series with a very low sample size, as can be expected with finding elite-level
achievers in any cognitive or physical domain. Accordingly, this could have constrained the
ability to observe a significant influence of DLPFC-tDCS on rifle shooting performance in this
population. Nonetheless, there was little, if any, indication that DLPFC-tDCS induced any trend
for enhanced performance during or after stimulation in any subject. Another limitation was that
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only one potential brain area was targeted with only one of several possible sets of stimulation
parameters for DLPFC-tDCS. A final limitation was the relatively small number of stimulation
sessions. Although the current study is one of only a handful of tDCS studies that have involved
3 or more sessions in healthy young adults, it could be argued that 2-6 weeks of tDCS
application may be needed to significantly improve motor learning in well-practiced tasks in
non-novice performers.
4.4. Conclusions
In summary, DLPFC-tDCS applied for 3 consecutive days simultaneous with typical
practice sessions did not improve rifle shooting performance in elite Deaflympic athletes. The
findings are in contrast to single session DLPFC-tDCS [10, 11, 15] and M1-tDCS studies
performed over several days [18, 19] that have found significantly enhanced motor learning
outcomes. However, the findings are consistent with a previous study involving multi-day
DLPFC-tDCS in a complex motor task in young adults [20] and an M1-tDCS study utilizing an
extensively practiced task in expert performers [23]. Subsequent studies may need to use
different parameters of DLPFC-tDCS or target different brain regions (M1, cerebellum) in
relatively long-term (weeks or months) intervention periods to be able to observe noticeable
performance enhancements in elite populations. Finally, future work needs to examine a large
sample of elite performers, although it is extremely challenging to recruit a large sample of elite
athletes for long-term trials that could potentially interfere with their normal training regiments.
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